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Multimetallic noble-metal nanocrystals have attracted considerable attention owing to their 
broad structure-property relationship for applications in plasmonics and catalysis. However, 
it remains a major challenge to rationally synthesize these nanocrystals because most of 
the reported protocols lack a mechanistic understanding and often involve a trial-and-error 
approach when optimizing the experimental parameters. This dissertation demonstrates the 
use of facet-selective etching and deposition as a powerful method for the transformation 
of colloidal silver nanocrystals into multimetallic nanostructures with intricate properties. 
In particular, I leverage the metal-coordination ligands to direct the etching and deposition 
in an orthogonal manner. In the first case study, I transform silver nanocubes into bimetallic 
concave nanocubes encased by silver-gold alloy frames via selective removal of the silver 
atoms from side faces while co-depositing silver and gold atoms as an alloy on the edges 
and corners. I further subject the core-frame nanocubes to galvanic replacement for the 
fabrication of nanoscale, multimetallic, cage cubes by confining the drilling of silver to the 
center of each side face. In the second case study, I investigate the roles played by 
poly(vinylpyrrolidone) and cetyltrimethylammonium chloride in controlling the 
orthogonal deposition of gold on different facets of silver cuboctahedra for the fabrication 
of nanoboxes with complementary surface structures. To understand the interaction 
between the ligands noble-metal and nanocrystals, I develop an in situ platform based on 
surface-enhanced Raman spectroscopy for analyzing the competitive binding of thiol and 
isocyanide molecules to the surface of silver nanocubes. Collectively, this work offers 
insights into the rational synthesis of multimetallic nanocrystals for applications in 
plasmonics and catalysis. 
1 
CHAPTER 1. INTRODUCTION 
 
1.1 Noble Metal Nanocrystals and Their Structure-Property Relationship 
Noble metals such as silver, gold, platinum, and palladium have long been prized for 
their rarity, admired for their aesthetic value, and found various uses in some disciplines of 
science, but their full industrial potential was only realized upon significant advancements 
in nanotechnology. When their dimensions are reduced to the nanometer regime and form 
nanocrystals, their properties become significantly different from that of the bulk noble 
metals, with additional options to further tailor their properties in correlation to their 
morphology and composition. The ability to manipulate the morphology and composition 
of nanocrystals for attaining desired functionalities opens possibilities for advanced 
industrial applications such as optical imaging, sensing, and catalysis.1-6  
In this work, I focus on two specific functionalities of noble-metal nanocrystals that 
can be tailored by their morphology and composition for applications in plasmonics and 
catalysis (Figure 1.1).7 Firstly, there is a strong interaction between an incident 
electromagnetic radiation at a resonant wavelength and delocalized electrons in metals such 
as silver or gold, which leads to a collective electronic oscillation referred to as surface 
plasmon resonance (SPR), or localized surface plasmon resonance (LSPR) when the 
oscillations are confined to a nanocrystal.8 The size dependency becomes important 
because the resonant wavelength will depend on the geometry of the nanocrystal.6 LSPR 
is responsible for the enhancement of electric fields near the nanocrystal surface, especially 
strongly at “hot spots” such as corners or interparticle junctions,9 serving as the basis for 




Figure 1.1. Selected section of the periodic table highlighting the noble metals used for 
catalytic (Pd, Pt, Au) and/or plasmonic (Ag, Au) applications.  
 
such as gold or platinum in catalysis applications is significantly improved when they are 
in their nanocrystal form. As the size of the metal particle decreases, the specific surface-
area rapidly increases, resulting in a larger number of atoms available on the surface as a 
catalyst for participating in reactions to achieve a higher catalytic activity. For example, Pt 
nanocrystals have been used as effective catalysts for reactions such as the oxygen 
reduction reaction (ORR) for proton-exchange membrane fuel cells (PEMFC) and carbon 
monoxide oxidation in catalytic converters.13-15 In this section, I will elucidate in detail the 
origin of the plasmonic and catalytic properties of noble metal nanocrystals as well as their 
explicit dependence on the morphology of the nanocrystals. 
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1.1.1 Plasmonic Properties of Noble Metal Nanocrystals 
1.1.1.1 Localized Surface Plasmon Resonance 
Plasmonics is the study of how incident electromagnetic waves interact with 
collective oscillations of free electrons, or plasmons, typically found in metals. Plasmonic 
effects provide an alternative way, in addition to using dielectric materials, in which light 
could be artificially manipulated. There are largely two modes through which plasmonic 
interactions could manifest.6 Figure 1.2A shows propagating surface plasmons (PSPs), 




Figure 1.2. Schematic illustration of two plasmon modes when nanocrystals of different 
morphologies were excited by an incident light with a wave vector of k and an electric field 
of E0: (A) a silver nanowire having one dimension longer than the wavelength of incoming 
light; and (B) silver nanospheres having radii much shorter than the wavelength of 
incoming light. Copyright 2011 American Chemical Society.6 
 
wavelength of the incident light. Because the time-varying electric field component of the 
incident light (E0) is not uniform across the structure in this case, the electronic oscillation 
in response to E0 occurs along the long axis direction of the nanocrystal. PSPs are affected 
by many factors that complicate the understanding of their nature.16 On the other hand, 
Figure 1.2B describes localized surface plasmons (LSPs) which are found in metal 
nanocrystals with all three dimensions smaller than the wavelength of the incident 
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electromagnetic waves. The E0 will exert a Coulombic force on the free conduction 
electrons to move in the opposite direction, resulting in their collective oscillation over 
time. When the light at a certain frequency is in resonance with the LSP, the plasmonic 
oscillation is greatly enhanced, and this phenomenon is known as localized surface 
plasmon resonance (LSPR). 
LSPR can be described by Gustav Mie’s solution to the Maxwell equations17 in the 
simplest case, which calculates the extinction cross section of a spherical particle, as shown 









2]    (Eq. 1) 
where 𝐶𝑒𝑥𝑡 is the extinction cross section, 𝑅 is the radius of the sphere, and 𝜀𝑚 is the 
relative dielectric constant of the medium (solvent). 𝜀𝑟 and 𝜀𝑖 correspond to the real and 
imaginary part of the dielectric function of the material. For metal nanocrystals of more 
complex geometries, the discrete-dipole approximation (DDA) could be used to more 
accurately describe their 𝐶𝑒𝑥𝑡.
18 This approach sections the nanocrystal into a finite number 
of discrete points, regarding each point as a dipole that can be polarized by incoming light 
and nearby dipoles, and computing the overall 𝐶𝑒𝑥𝑡 from the polarizations at each point. 
Examining Equation 1, there are two conditions that must be satisfied to maximize 𝐶𝑒𝑥𝑡. 
The first is that 𝜀𝑟 be close to −2𝜀𝑚, and the second is that 𝜀𝑖 be close to zero. While most 
non-plasmonic materials exhibit 𝜀𝑟 values ranging from 1 to 50,
19 good plasmonic metals 
such as Ag exhibit negative values for 𝜀𝑟 (Figure 1.3A).
20 In addition, while most materials 
have high 𝜀𝑖 values across the wavelengths in the visible range, metals such as Ag stay 
close to zero, contributing to 𝐶𝑒𝑥𝑡 (Figure 1.3B). The two conditions are often evaluated 




Figure 1.3. Plot of the (A) real and (B) imaginary component of dielectric function (ε =
εr + 𝑖εi ) with respect to the wavelength, comparing the case of Ag, Au, and Cu, 
respectively. Experimentally measured optical constants were used to compute each 
component of dielectric function.20 
 
 
plasmonic strength of a given material, as shown in Equation 2. In this equation, 𝑤 





    (Eq. 2) 
Figure 1.4 illustrates the quality factors of various metals as a function of wavelength.21 In 
the case of Ag, a high Q-value is maintained throughout all visible wavelengths and even 
for near-IR and ultraviolet, making it a valuable metal for plasmonic applications. Au and 
Cu show high Q-values only in low frequency regions, and other noble metals such as Pd 
or Pt show poor Q-values throughout all wavelengths. Although Li seems to be an efficient 
plasmonic material, its poor chemical stability renders it impractical. 
The resonance conditions for plasmonic nanocrystals will also be affected by the 
size and shape of the nanocrystals.19 Figure 1.5, A and B, shows that 40-nm Ag nanospheres 
dispersed in water exhibit an LSPR peak at around 410 nm, while 40-nm Ag nanocubes 




Figure 1.4. Plot of the quality factor (Q) of the LSPR across a metal/air interface for a 
variety of metals, with respect to the excitation wavelength. Higher Q-value indicates 
stronger plasmonic resonance for the given wavelength. Q-values falling into the grey 
region are sufficiently high for plasmonic applications. Copyright 2009 Elsevier.21  
 
it has been demonstrated that when the edge lengths of Ag nanocubes are varied from 36 
to 172 nm, the main LSPR peak of the Ag nanocubes shifts from 420 to 600 nm.23 Since 
plasmonic oscillations are driven by the charge separation that occurs when the incident 
electric field displaces the cloud of free conduction electrons, it is natural that when 
plasmonic oscillations occur over longer distances their frequencies will be lower.24 In fact, 
charge separation becomes greater when there are sharp features such as corners, where it 
is suggested that charges will be concentrated.25 This explains the LSPR behavior of Ag 
nanocubes in comparison to that of the Ag nanospheres, since the cubic geometry has 
additional plasmon modes such as the corner-to-corner dipole.26 Therefore, it is possible to 
use UV-vis spectrometry to extract information about the size and shape of nanocrystals in 




Figure 1.5. Calculated UV-vis spectra of various Ag nanocrystal morphologies, (A) 
nanosphere, (B) nanocube, (C) triangular nanoplate, and (D) rectangular nanoprism. The 
Mie theory was used to calculate for the nanosphere, while the other geometries were 
calculated using the discrete dipole approximation method. The overall extinction is shown 
in black, the absorption component is shown in red, and the scattering component is shown 
in blue. Copyright 2006 American Chemical Society.22 
 
1.1.1.2 Surface-Enhanced Raman Scattering 
At the resonance of the LSPR peak, metal nanocrystals would embrace enhanced 
electromagnetic fields in some of regions of nanocrystals, leading to the enhanced Raman 
cross sections of molecules in proximity to the surface. This effect is called surface-
enhanced Raman scattering (SERS).21 Raman scattering signals contain valuable 
information about a molecule’s chemical fingerprint, and with the development of SERS 
technology, it has been made possible to detect molecules with up to single-molecule 
sensitivities.27-29 SERS can be quantified by an enhancement factor (EF), which is 










  (Eq. 3) 
excitation (with frequency ω) and that which results from a Stokes shift (with difference 
in frequency ων) upon Raman scattering, respectively. In practice, the EF is calculated as 
the ratio between the surface-enhanced Raman intensity (ISERS(ων) ) normalized to the 
number of molecules bound to the nanocrystal surface (Nsurf) and the unmodified normal 
Raman intensity (INRS(ων) ) normalized to the number of molecules in the excitation 
volume (Nvol). Improvements could be made to this EF calculation by expressing the two 
number terms using experimental parameters instead of estimations.32   
Regions near a nanocrystal surface with an exceptionally high electric field 
enhancement are referred to as “hot spots” for SERS and they will occur near sharp surface 
features such as sharp edges and small spaces between particles.9, 12, 25, 33 Strategies to 
improve the SERS enhancement will rely on increasing the relative abundance of these hot 
spots.9 One way is to use shape-controlled synthesis methods,22 a detailed discussion for 
which could be found in Section 1.2.2, to fabricate nanocrystals with sharp, concave 
surfaces on which many SERS hot spots will be generated.1, 34-36 The other way is to allow 
nanocrystals to be slightly aggregated under control, bringing them close enough with each 
other to form hot spots between nanocrystals.37, 38 Figure 1.6 shows the calculated electric 
field enhancements on the surface of a single Ag nanocube upon excitation with an external 
electric field, and it clearly shows the presence of SERS hot spots along the cubic edges.33 
On the other hand, Figure 1.7 shows a calculation of the SERS hot spot distribution in the 
region between two Au nanospheres with a 2-nm gap between each particle, for which the 





Figure 1.6. Calculated intensity of electric field enhancements on the surface of a slightly 
truncated 39-nm Ag nanocube at a laser excitation of 532 nm. SERS hot spots are visible 





Figure 1.7. Calculated intensity of electric field enhancements (depicted in enhancement 
factor values) distributed in the region of a 2-nm gap between two Au nanospheres with 




1.1.2 Catalytic Properties of Noble Metal Nanocrystals 
Nanocrystals of noble metals such as Au, Pt, and Pd have shown notable catalytic 
activities towards various reactions. For example, Au nanocrystals have been used for 
various catalytic applications such as CO2 hydrogenation for generating methanol,
40 NO 
reduction,41 water-gas shift reaction,42 H2O2 production directly from H2 and O2,
43 and 
other various organic syntheses. Pt nanocrystals have been used for O2 reduction (ORR),
 
44, 45 ethanol oxidation reaction,44 and methanol oxidation reaction.45 These chemical 
reactions are especially critical to the design of fuel cells. Pd nanocrystals46-48, together 
with Au nanocrystals49, 50 and Pt nanocrystals,51, 52 have been widely explored as catalysts 
for CO oxidation reactions in catalytic converters. In addition, Pd nanocrystals have 
demonstrated catalytic activity towards many organic syntheses such as the Heck,53-56 
Suzuki,54, 57-59 Stille,60, 61, and Sonogashira54, 62, 63 reactions. 
The origin of the catalytic activity of otherwise inert noble metals have been 
attributed to several different effects,64 including size-dependent quantum effects,50, 65 
charge transfer,66-68, and interfacial strain.69, 70 Especially important is the charge transfer 
effect, which takes place from a less electronegative atom to a more electronegative atom. 
Since Ag has a smaller electronegativity value,71 when Ag is alloyed with catalytic metals, 
electrons from Ag atoms will migrate to the atoms of Au or Pt, and the greater electron 
density at the catalytic metals will enhance their catalytic activity compared to their 
monometallic counterparts. A recent study argues that electrostatic interactions are 
responsible for catalytic activity in noble-metal nanocrystals such as Au or Pt.72 Low-
coordinated surface atoms have singly occupied s-orbitals that overlap with each other, 
generating sites of positive electrostatic potential, or σ-holes,73 that affect the adsorption 
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affinity of reactant species such as a Lewis base with slightly negative region of (δ−) lone-
pair electrons.  
Notably, the nanocrystal morphology also affects the catalytic activity, as it has been 
observed that the catalytic activities would vary across surfaces of different facets. For 
example several groups have demonstrated that the catalytic properties of Pd and Pt 
nanocrystals could be engineered by controlling their shape and thus the types of facets 
expressed on the surface.48, 74-76 Moreover, their catalytic activity can be further enhanced 
by introducing surfaces with high-index facets, which have a greater density of surface 
atoms with low-coordination numbers.77-79 It follows that a fine control over the 
nanocrystal morphology is crucial to achieve a rational design of functional nanocrystals. 
For example, Pt-based nanocages with hollow cores and porous surfaces allow access to Pt 
atoms both inside and outside of the nanocrystal, leading to higher mass activities.80, 81 In 
addition, bimetallic13, 14, 62 and trimetallic68, 82, 83 nanocrystals have been shown to have 
enhanced catalytic activities, suggesting that chemical composition of nanocrystals must 
be carefully controlled. and ultimately maximize their performance.  
 
1.1.3 Evaluating the Structures and Properties of Noble Metal Nanocrystals 
1.1.3.1 Characterizing the Morphology and Composition of Nanocrystals 
As discussed in Sections 1.1.2 and 1.1.3, the morphology and composition of noble-
metal nanocrystals is a key factor in tuning their plasmonic and catalytic activities. 
Therefore, the accurate characterization of nanocrystals is just as important as, if not more 
than, the synthesis itself. Transmission electron microscopy (TEM) images show the 
morphology of nanocrystals in a 2D projection. In the bright-field (BF) mode, where a 
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parallel electron beam illuminates the sample and the transmitted electrons are detected by 
a camera below the sample, a region of relatively darker contrast indicates a thicker 
structure or a presence of heavier atoms. One may also quantitatively assess the size of 
nanocrystals with a mean value and a standard deviation across at least 30 individual 
nanocrystals. All TEM images shown in each chapter were taken by a Hitachi HT7700 
TEM operating at 120 kV. On the other hand, scanning electron microscopy (SEM) images 
have a large depth of field, directly providing a 3D topological information about the 
sample. For its operation, a focused electron beam is rasterized across the sample to locally 
release secondary electrons, which are guided to a detector. Features such as sharp edges, 
corners, holes, and local depressions can be identified with SEM. A Hitachi SU8230 field 
emission (FE) SEM operating at a range from 10 to 30 kV was used to collect the SEM 
images displayed in each chapter. Furthermore, an aberration-corrected scanning 
transmission electron microscope (STEM) operating in the high-angle annular dark field 
(HAADF) mode was used to collect atomic-resolution images. In this instrument, a highly 
focused electron beam is rasterized across the sample, and each atom will scatter the 
electron beam at a specific angle according to their atomic weight. The scattered beam at 
each pixel is captured by an annular disk detector below the sample, and a computer 
software can combine the signals into a full image. Each atom appears as a bright dot, and 
atoms of heavier elements appear brighter. With HAADF-STEM, one can collect 
information about the atomic spacing, lattice mismatch, and elemental distribution. Also, 
as the STEM electron beam interacts with each atom, characteristic X-rays are released 
from each atom, which can be collected by another detector to perform energy-dispersive 
X-ray spectroscopy (EDS). EDS provides a spectrum of characteristic X-rays at each pixel, 
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and a software can map them onto a single image to reveal the spatial distribution of any 
element on the nanocrystal. In this dissertation, a Hitachi HD2700 HAADF-STEM with 
Cs-correction operating at 200 kV was used for characterization, equipped with a side EDS 
detector for elemental analysis. Inductively coupled plasma mass spectrometry (ICP-MS) 
is a mass analysis technique that involves converting a sample of nanocrystals into plasma, 
or cations of every metal atoms present in the sample, then using mass spectrometry 
techniques to differentiate between atoms of dissimilar atomic weights. ICP-MS can 
provide information about the chemical composition of nanocrystals and the precursor 
conversion rate. The mass analyses in this dissertation were performed using a PerkinElmer 
NexION 300Q ICP-MS. 
 
1.1.3.2 Evaluating the Plasmonic and Catalytic Properties of Nanocrystals 
The extinction of incoming light due to LSPR at a specific resonance wavelength can 
be identified by UV-vis spectroscopy. Ag and Au will have the strongest plasmonic 
response, and therefore these nanocrystals can be effectively characterized through UV-vis 
spectroscopy.6 In analyzing a UV-vis spectrum of a solution of plasmonic nanocrystals, 
there are a number of considerations. First, the Beer-Lambert law elucidates that the 
extinction coefficient, as indicated by the LSPR peak intensity, is linearly related to the 
concentration of plasmonic nanocrystals in the solution and to the path length of the sample 
solution. Second, as discussed in Section 1.1.1, the UV-vis spectra are greatly affected by 
the nature of the nanocrystals. The number of LSPR peaks and their positions correspond 
to the different plasmon modes that are present in the nanocrystal due to its shape and size.8, 
19 The broadening of the LSPR peaks are attributed to electron-surface scattering and/or 
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radiation dampening effects depending on the size, shape, and surface chemistry of 
nanocrystals.84, 85 Third, even a small change to the morphology and/or composition of 
nanocrystals can be detected using UV-vis spectroscopy. Figure 1.8 shows a plot of 
simulated spectra using Mie theory where if a nanocrystal becomes less spherical and more 




Figure 1.8. Calculation of the extinction spectra for spherical or oblate spheroid plasmonic 
nanocrystals. All nanocrystals have the same volume as a sphere with radius of 80 nm. The 
polarization was chosen to be along the major axis of the spheroid, and the extinctions were 
normalized accordingly. The ratios shown are between the major and minor axes of an 
oblate spheroid. Copyright 2003 American Chemical Society.19 
 
In addition, Figure 1.9 shows a plot of DDA-simulated spectra where the corner 
truncation of a triangular plate results in the LSPR peak being blue-shifted.19 In these cases, 
the distance at which the primary plasmonic resonance occurs affects the plasmonic 
frequency, leading to a red-shift and a blue-shift, respectively. Overall, UV-vis 




Figure 1.9. Plot of the discrete dipole approximation of the extinction spectra for trigonal 
prisms with 100 nm edge length and 16 nm thickness having “snips” of 0 (black), 5 (red), 
or 10 nm (green), respectively. As the length of the snip increases, the resonance peak shifts 
to lower wavelengths. Copyright 2003 American Chemical Society.19 
 
data from other characterization tools discussed in Section 1.1.3.1 to ultimately elucidate 
the mechanistic details of each syntheses. 
The SERS properties can be evaluated in the solution phase by first dispersing solid 
nanocrystals into a solution of probe molecules, such as 1,4-benzenedithiol (1,4-BDT), for 
functionalization. Afterwards, excess probe molecules were removed by washing the 
nanocrystals with DI water, and finally dispersed in a small volume of DI water. A small 
aliquot was withdrawn for each measurement and placed within a polydimethylsiloxane 
(PDMS) sample cell, which was then placed in the Renishaw inVia Raman spectrometer. 
Raman spectra were obtained using either the 532-nm or the 785-nm laser, depending on 
the nature of the sample. Figure 1.10 shows SERS spectra collected from the aqueous 
suspensions of either Ag nanocubes (black) or Ag@Ag-Au concave nanocubes (red), 




Figure 1.10. SERS spectra of 1,4-benzenedithiol (1,4-BDT) collected from either Ag 
nanocubes (black) or Ag@Ag-Au concave core-frame nanocubes (red) as the substrate, 
measured with an excitation wavelength of 785 nm. The Ag@Ag-Au concave nanocubes 
were prepared with 1.6 mL of 0.1 mM HAuCl4 involved in the synthesis. 
 
nanocubes show significant enhancement in the SERS signal,86 controlled for the number 
of particles and the amount of 1,4-BDT involved. Also, upon the transformation from Ag 
nanocubes to Ag@Ag-Au concave nanocubes, one could observe a red-shift in the major 
peaks, specifically from 1571 to 1560 cm-1 and 1069 to 1061 cm
-1. 
Catalytic properties of nanocrystals could be evaluated by using a UV-vis 
spectrophotometer for systems involving molecules with absorptions in the working 
wavelength range. In particular, one could implement the Au-catalyzed reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH4 as a model reaction. In the 
presence of NaBH4, the 4-NP would spontaneously transform into the 4-nitrophenolate ion, 
which exhibits a strong absorption at 400 nm. Upon the addition of NaBH4 in the presence 
of the catalyst, the NO2 group of the nitrophenolate ion reduces to NH2, forming the 4-AP 
species with a weak absorption around 300 nm and no signal at 400 nm. Therefore, one 




Figure 1.11. (A) TEM image of 10-nm thick Ag-Au nanoframes used as the catalyst for 
the reduction of 4-NP. (B) UV-vis spectra of 4-NP collected every 2 min after adding the 
Ag-Au nanoframes and NaBH4 into the solution. (C) Plot of the natural log of extinction 
values normalized to the original value as a function of time. The linear trendline shows 
good fitting (R2 = 0.994), and the first-order rate constant was calculated to be 0.273. 
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the reaction. For example, this setup could be used to evaluate the catalytic property of 10-
nm thick Ag-Au nanoframes (Figure 1.11A), derived from the Ag@Ag-Au concave 
nanocubes (see Chapter 2 for detailed synthesis) upon selective removal of Ag with H2O2. 
Figure 1.11B shows time-dependent UV-vis spectra of the 4-nitrophenolate ion in NaBH4 
before (black) and after (color) the addition of the Ag-Au nanoframes. By t=14 min, the 
UV-vis shows no sign of the 4-nitrophenolate species, indicating the reaction had 
completed. Figure 1.11C plots the ln(A0/At) values (computed from the extinction values 
at 400 nm) as a function of time. The data showed a good linear fit, indicating that the 
reaction progressed according to first-order kinetics with a rate constant of 0.273 min-1. To 
draw meaningful conclusions, however, it would be necessary to perform comparative 
studies with other samples while also controlling for the relative number of particles and/or 
the specific surface area. 
 
1.2. Rational Synthesis of Noble Metal Nanocrystals 
1.2.1 Nucleation and Growth of Metal Nanocrystals 
In general, there are two approaches to the fabrication of nanostructures. The first is 
a “top-down” approach, in which atoms are removed from an initial bulk material until 
nanometer sizes are reached. While this approach can accurately produce nanocrystals of 
desired morphologies, the prohibitive cost and slow rate of production discourages its use 
for industrial settings. The alternative is a “bottom-up” approach, which relies on the self-
assembly of atoms into nanometer-sized crystals and has a significant advantage over the 
top-down approach with respect to cost and time. Most often, a colloidal method is used 
over a template-assisted method to maximize the throughput. In a typical colloidal 
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synthesis, a metal precursor of choice is dissolved to yield the metal cations, which are 
reduced by a reducing agent into zerovalent metal atoms. Through thermodynamic driving 
forces and an optional kinetic control, metal atoms first cluster to form homogeneous seed 
particles and subsequently deposit onto them for further growth, eventually generating 
nanocrystals. Stabilizing molecules are added to enhance the stability of the colloid by 
preventing nanocrystals from aggregating. The challenge is to accurately manipulate the 
thermodynamics and kinetics to be able to produce nanocrystals optimized for respective 
applications.  
The two critical stages in the synthesis of nanocrystals that define the morphology of 
the final product are nucleation and growth. The LaMer model serves as a guide to 
understanding how the seed particles are generated, or “nucleated,” in the absence of any 




Figure 1.12. LaMer model of nucleation showing the atomic concentration as a function 
of time, indicating the stages of reaction where atoms are generated, where atoms cluster 
to form nuclei, and where the nuclei grows into larger nanocrystals. Adapted from Ref 87. 
Copyright 1950 American Chemical Society.87 
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of single atoms in the solution as a function of time, assuming atoms are continuously 
produced by reducing the metal precursors. There exists a critical atomic concentration 
above which single atoms are consumed to cluster into nuclei, and the atomic concentration 
starts to show negative curvature and an eventual decrease. While any types of nuclei can 
be formed in this stage, oxidizing agents may be involved in the reaction to selective 
remove nuclei with prominent defects such as twin boundaries.89 Afterwards, newly 
generated metal atoms will be deposited onto the nuclei, or “grow,” instead of forming new 
nuclei themselves, and the LaMer model indicates this behavior as the atomic concentration 
having equilibrated to a constant value. The growth process is affected by the free energies 
of each of the surfaces present on a nanocrystal.90 In fact, for a face-centered cubic (FCC) 
metal such as Ag, Au, and Pt, the most thermodynamically stable morphology is the Wulff 
polyhedron, a type of truncated octahedron bounded by a mix of {100} and {111} surfaces 
as well as some {110} surfaces at the edges, because this morphology minimizes the total 
surface energy of a bare FCC nanocrystal. When surface energies are modified by using 
ligands that could bind to the metal surface, the morphology of the final product will be 
different. The Wulff plot shows that the surface with lower energy will dominate the surface 
of the final product.91 
One can think of another scenario for the synthesis of nanocrystals, where previously 
formed nanocrystals are added into the growth solution as heterogeneous templates, 
otherwise known as “seed-mediated growth”. There are four considerations for a successful 
seed-mediated growth. First, the equilibrium deposition mode could be a layer-by-layer 
growth in case of high wettability (Frank-van der Merwe mode), island growth in case of 
low wettability (Volmer-Weber mode), or a mix of both characters (Stranski-Krastanov 
21 
mode), depending on the surface energies and lattice mismatch across the interfaces created 
between the seed, the deposited metal, and the solvent.92, 93 While kinetic barriers may 
hinder the system from reaching equilibrium, increasing the temperature can encourage the 
surface diffusion of atoms, allowing the system to reach the equilibrium deposition mode. 
Second, the deposition could either be site-selective or conformal, depending on the surface 
chemistry of the seed and between the seed and the deposited metal.93, 94 For conditions 
where there is small lattice mismatch between the seed and the deposited metal, the seed 
is more electronegative, and the inter-elemental bond energy is higher than the bond 
energies of each element, it is observed that the deposition is conformal. Otherwise, the 
deposition favors sites with higher surface energy and avoids sites bound with capping 
agents. As such, it becomes important to understand and use different capping agents to 
appropriately modify the surface energies of the seeds. Third, changing the relative rates 
of atomic deposition and surface diffusion will affect the final morphology of the product.93 
When the deposition rate is much faster than the diffusion rate, a deposited atom will not 
have time to relocate to other surfaces on the seed before other atoms are deposited on top 
of them, resulting in the atoms “piling up” at the initial deposition sites. It follows that the 
rate at which the precursor is introduced to the solution with respect to the solution 
temperature becomes critical in determining the morphology of the nanocrystal. Lastly, 
when the deposited metal has a higher electrochemical potential then that of the seed, the 
seed could suffer from galvanic corrosion and lose its original morphology as the 
deposition continues. For example, when depositing Au onto Ag seeds, three Ag atoms will 
be oxidized for every atom of Au deposited, resulting in an overall loss of mass in the 
nanocrystals.95, 96  
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1.2.2 Rational Synthesis of Multimetallic Nanocrystals Through Facet-Selective Etching 
and Deposition 
Facet-selective etching and deposition, as determined by the landscape of surface 
energy, represent two powerful methods for the transformation of noble-metal nanocrystals 
into nanostructures with complex shapes or morphologies.97 In general, etching refers to 
an electrochemical process, in which metal atoms are oxidized by an oxidant and dissolved 
as cations. When the surface atoms are located on distinctive facets of a nanocrystal, they 
will exhibit different surface energies and thus differ in reactivity.98 Generally, the atoms 
located on the facets with the highest surface energy are the most susceptible to etching, 
and the surface energies may be modified by using specific ligands. Because the etching 
rates would be different for each facet, a nanocrystal could be carved into various unique 
morphologies.99, 100 On the other hand, pre-formed nanocrystals can be used as seeds for 
the deposition of metal atoms (same or different element as the seed) through 
heterogeneous nucleation and growth to transform into larger nanocrystals.23, 101-104 The 
deposition of atomic species would preferentially occur on the crystallographic facets with 
the highest surface energy, leading to a faster rate of growth in the direction perpendicular 
to these facets, and therefore resulting in the elimination of these facets from the final 
product which would minimize the total surface energy. Considering that the deposited 
adatoms can diffuse across the seed nanocrystal surface during the growth process, one can 
tune the rates of deposition and surface diffusion to tailor the shape of the resultant 
nanocrystal.105 Notably, etching can be coupled with deposition to remove atoms from 
some facets while adding atoms to other facets in an orthogonal manner.106-109 If the rate of 
etching is higher than that of deposition, a solid nanocrystal can be transformed into a 
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hollow, porous and/or frame-like structure. In comparison, when growth prevails over 
etching, the nanocrystal would become larger and have concaved side faces.  
 
1.2.2.1 Facet-Selective Etching versus Deposition 
Yang and co-workers demonstrated that the surface energy landscape could guide the 
facet-selective etching of Ag octahedral nanocrystals.99 Figure 1.13A shows a schematic 
diagram illustrating how a Ag octahedron is transformed into a series of nanocrystals with 
hollow and branched structures by preferentially etching Ag from {100} facets with a weak 
etchant. In a typical process, a mixture of NH4OH and H2O2 was introduced into an aqueous 
solution of poly(vinylpyrrolidone) (PVP) under vigorous stirring at 4 oC, followed by the 
addition of Ag octahedrons in an ethanol suspension. The etching rates along the {111} and 
{100} directions could be controlled by varying the concentration of the etchant. Figure 
1.13B shows SEM image of the Ag octahedra. When the concentration of the etchant was 
low, Figure 1.13C shows the selective etching of Ag from {111} facets for the generation 
of nanostructures with hollow side faces. As the concentration of the etchant was increased, 
Figure 1.13, D and E, indicates the predominant etching from the {100} facets for the 
formation of eight distinctive arms and then octapods, respectively. Taken together, it is 
feasible to select an etchant with an optimal etching power to facilitate facet-selective 
etching for the fabrication of nanocrystals with complex morphologies and tunable 
plasmon resonances. It has been demonstrated that these etched particles can serve as 
sensitive SERS substrates for chemical sensing.  
On the other hand, Xia and co-workers explored the role of surface energy in 




Figure 1.13. (A) Schematic illustration showing the transformation of a Ag octahedron 
into various types of nanostructures through selective etching of Ag from the {111} and 
{100} facets. SEM images of (B) Ag octahedrons and (C-E) the resultant nanostructures 
after etching with an increased amount of NH4OH/H2O2 in the presence of PVP. Copyright 
2011 American Chemical Society.99 
 
demonstrated that the surface energies of {100} and {111} facets on the surface of Ag 
nanocubes could be maneuvered by introducing ionic species such as Cu(II) to control the 
deposition of Ag on different types of facets.110 Figure 1.14A illustrates the two pathways   
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proposed to account for the evolution of a Ag nanocube into nanocrystals with different 
morphologies depending on the absence or presence of Cu(NO3)2 in the reaction solution. 
In a typical synthesis, aqueous AgNO3 was titrated into an aqueous suspension of Ag 
nanocubes with slight truncation at corners and then reduced by ascorbic acid (H2Asc) 
under ambient conditions. When Cu(NO3)2 was absent from the reaction solution, the 
surface energy of {100} facets was greater than that of {111} facets, (100) > (111). As such, 
the Ag atoms derived from the reduction of AgNO3 by H2Asc were preferentially deposited 
on {100} to accelerate their growth along <100> directions for the eventual elimination of 
these facets on the final products.111 More interestingly, when H2Asc was used at a 
sufficiently high concentration, the deposition rate of Ag atoms would surpass the diffusion 
rate of Ag adatoms, evolving each {100} facet into a concaved surface.105 Figure 1.14, B-
D, shows SEM images of the products. Alternatively, when Cu(NO3)2 was present in the 
reaction system, the Cu(II) ions could selectively cap the {100} facets, reversing the order 
of the surface energies to (111) > (100) and promoting the deposition of Ag on {111} facets.
 
Figure 1.14, E-G, shows SEM images of the resultant concave cubes, octapods, and 
trisoctahedrons, respectively. When tested as SERS substrates, the concave octahedrons 
and trisoctahedrons were more active than the conventional Ag octahedrons with a similar 
size but covered by flat faces. 
The facet-selective deposition and etching was also investigated with the use of Ag 
nanocubes, and it was identified that these two processes could follow the opposite 
pathways.112 Figure 1.15A shows a schematic illustration describing the transformation of 
a Ag nanoplate into a twinned cube and its reverse process that involves etching with H2O2 




Figure 1.14. (A) Schematic illustration showing the transformation of a Ag nanocube with 
truncation at corners into a concave octahedron or a trisoctahedron through selective 
deposition of Ag on the {100} or {111} facets, respectively. SEM images showing the 
transformation of Ag nanocubes into (B-D) concave octahedrons and (E-G) trisoctahedrons 
after adding different amounts of aqueous AgNO3 into a mixture of Ag nanocubes and 
H2Asc in the absence and presence of Cu(NO3)2, respectively. The inset shows a model of 
the corresponding structure. Copyright 2011 Wiley-VCH Verlag GmbH & Co.110 
 
nanoplates were synthesized according to published protocol113 and then re-dispersed in an 
aqueous solution containing H2Asc and PVP. When aqueous HAuCl4 was introduced, the 
AuCl4
− ions could be reduced by both Ag and H2Asc for the generation of Au atoms 
through galvanic replacement and chemical reduction, respectively, followed by their 
deposition on the Ag nanoplates for the production of Ag-Au nanoframes. On the other 
hand, the Cl− ions originating from AuCl4




Figure 1.15. (A) Schematic illustration of site-selected growth of a citrate-free Ag 
nanoplate into a twinned cube, followed by site-selected etching by enzymatic H2O2 along 
the reversed direction of growth. (B-D) TEM images of the products obtained during the 
growth of Ag nanoplates in an aqueous solution of HAuCl4, H2Asc, and PVP, followed by 
the titration of aqueous AgNO3 at volumes of (B) 0 mL, (C) 0.8 mL, and (D) 1.5 mL, 
respectively. (E-G) TEM images of (E) GOx-functionalized Ag twinned cubes and two 
samples after adding the glucose solution at (F) 15 min and (G) 60 min, respectively. The 





 (side edges) of the Ag nanoplate to lower the surface energy for attaining (111) > (100).
114, 
115 Under this circumstance, upon the titration of AgNO3 into the reaction solution, the Cl
− 
ions, rather than the Au atoms, directed the deposition of Ag atoms derived from the 
reduction of AgNO3 by H2Asc onto {111} facets, transforming Ag nanoplates with a 
hexagonal shape into twinned cubes with truncated corners. Figure 1.15, C and D, shows 
TEM images of the products that were obtained at different stages of the growth process.  
In the second step, the enzymatically derived H2O2 could consecutively remove the 
Ag atoms located at the two high-energy {111} facets parallel to the twinned plane of the 
Ag twinned cubes through oxidative etching by following a pathway opposite to deposition. 
In a typical process, the as-obtained Ag twinned cubes were functionalized with 
cetyltrimethylammonium chloride (CTAC) to change the surface charge from negative to 
positive, making it possible to adsorb the negatively charged glucose oxidase (GOx). 
Because GOx can catalyze the oxidation of glucose by O2 to produce gluconic acid and 
H2O2,
116-118 one can control the amount of glucose involved in the reaction system to 
produce enzymatic H2O2 on the surface of the particles for the etching of Ag atoms with 
selectivity determined by surface energy. As shown in Figure 1.15E, there was no change 
to the morphology of the sample before the addition of glucose. Figure 1.15, F and G, 
shows TEM images of the particles after the introduction of glucose at time points of 15 
and 60 min, respectively, indicating the transformation of twinned cubes into nanoplates 
and then nanoframes in a sequential manner. Altogether, these results confirm that the 
growth and etching processes essentially share the same mechanism that relies on the 
relative surface energies of different facets. 
In summary, the facet selective etching versus deposition are two independent 
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processes for the generation of complex nanostructures. It has been demonstrated that both 
strategies rely on the surface energies of nanocrystal facets to promote either the dissolution 
of atoms from the original templates or the growth on the nanocrystal seeds, leading to the 
further increase in the diversity of nanocrystal morphologies for their expanded scope of 
applications. 
 
1.2.2.2 Coupling Site-Selective Etching with Deposition 
Though there have been successes through facet-selective etching or deposition, the 
combination of these two processes opens up even more new opportunities. For example, 
Xia reported a method that combined etching with deposition (regrowth) for the 
transformation of Pd nanocubes of a single size into Pd octahedrons with different edge 
lengths.119 A typical experiment was carried out using HCl/O2 as an oxidative etchant,
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together with triethylene glycol (Tri-EG) serving as a reducing agent. Because the {100} 
facets on a Pd nanocube were capped by chemisorbed Br- ions,121 Pd atoms were selectively 
removed from the {111} facets at corner sites during oxidative etching and the resultant 
Pd(II) ions were then reduced and deposited back onto the nanocube, but preferentially on 
the {100} facets. By varying the amount of HCl added into the reaction system, it was 
feasible to control the ratio between the rates for etching and regrowth. At a large amount 
of HCl, etching was in dominance, resulting in the formation of Pd octahedrons with an 
edge length about 70% of that of the nanocubes. When HCl was used at a small amount, 
all the newly formed Pd(II) ions could be reduced and deposited back onto the Pd nanocube. 
In this case, the resultant Pd octahedron had roughly the same volume as that of the starting 
nanocube due to the balance between etching and regrowth so that the edge length was 
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about 130% of that of the nanocube. When the amount of HCl was in between, the resultant 
Pd octahedrons would take an edge length between these two values. This work not only 
demonstrates the importance of both etching and regrowth in the formation of metal 
nanocrystals but also offers a simple method for controlling both the shape and size of 
metal nanocrystals. 
Jin, Yin, and co-workers explored the transformation of solid nanocrystals with well-
defined shapes into nanoframes by integrating facet-selective etching with deposition.122 
Figure 1.16A illustrates the mechanism responsible for the generation of an octahedral 
nanoframe. In a typical synthesis, Pd octahedrons were dispersed in a N,N-
dimethylformamide (DMF) solution containing potassium iodide (KI), formaldehyde 
(HCHO), and PVP. After the reaction vessel was vacuumed and then filled with a certain 
volume of pure O2 gas, it was held at 100 
oC for 1 h. In the reaction system, the O2/I
− pair 
served as an etchant to remove Pd atoms from the octahedron through oxidative etching 
while HCHO acted as a reducing agent to reduce the dissolved Pd(II) ions back into Pd 
atoms for their subsequent re-deposition onto the octahedron. By increasing the 
concentration of HCHO to increase the reducing power, it was possible to maneuver the 
rates of oxidative etching and deposition, Retching and Rdeposition, on the faces, edges, and 
corners of the octahedron, respectively. When Rdeposition became smaller than Retching on the 
side faces while it was comparable to Retching along the edges and corners, the removal of 
Pd atoms would be predominantly located on the side faces but largely suppressed at the 
edges and corners, leading to the conversion of an octahedron into a Pd octahedral 
nanoframe. In fact, this concept can be applicable to Pd nanocrystals with different shapes. 




Figure 1.16. (A) Schematic diagram elucidating the transformation of a Pd octahedron into 
an octahedral nanoframe as a result of comparable deposition and etching rates along the 
edges and corners of the octahedron and a higher etching rate along the faces. (C-E) TEM 
images (with a representative model in the inset) of various types of Pd nanoframes derived 
from (B) octahedra, (C) cuboctahedra, (D) nanocubes, and (E) concave nanocubes, 





from Pd octahedra, cuboctahedra, nanocubes, and concave nanocubes, respectively. In 
conclusion, coupling site-selective etching with deposition provides an opportunity to 
transform solid nanocrystals to nanoframes by simply controlling the rates of etching and 
deposition on different facets of nanocrystal templates. This facile and versatile approach 
could become the mainstream for the creation of large fraction of atoms on the active sites 
of nanoframes for applications in catalysis. 
 
1.2.2.3 Integrating Etching with Deposition through Galvanic Replacement 
Galvanic replacement offers another opportunity to integrate oxidative etching with 
deposition for the transformation of solid nanocrystals of various shapes into complex 
nanostructures.123-128 It is an electrochemical process for the deposition of metal A on the 
surface of a template made of a more reactive metal B. For example, when Ag nanocubes 
are mixed with a gold precursor such as HAuCl4 in an aqueous solution, Ag will be 
dissolved (partially or completely) through oxidation while Au atoms derived from the 
reduction by Ag will be deposited on the surface of the nanocubes, leading to the 
production of hollow nanostructures comprised of Ag-Au alloys with tunable LSPR peaks 
in the range of 500 nm to 1200 nm.25, 129 Likewise, Ag nanocubes could react with 
Na2PdCl4 or K2PtCl4 for the generation of Ag-Pd or Ag-Pt bimetallic hollow nanostructures 
with tunable compositions and interesting catalytic properties.130-133 
In addition to the fabrication of hollow or porous nanostructures, galvanic 
replacement has also been explored for the fabrication of bimetallic nanocrystals with a 
concaved structure. The success relies on the ability to control oxidative etching of atoms 
from specific facets of nanocrystals while the deposition of another metal would occur on 
33 
the other facets in an orthogonal manner. To this end, Xia and co-workers demonstrated the 
transformation of Pd nanocubes into Pd-Pt concave nanocrystals by leveraging the surface 
capping of Br– ions toward the {100} facets of Pd nanocubes.134 In a typical process, as 
illustrated in Figure 1.17A, the as-prepared Pd nanocubes are dispersed in an aqueous 
solution of KBr and PVP, followed by the titration of aqueous H2PtCl6 at 90 °C. It was 
hypothesized that the added Br− ions would play dual roles in this synthesis. Firstly, Br− 
ions would preferentially bind to the {100} facets of the Pd, making these sites more 
susceptible to dissolution through an oxidation reaction.121 On the other hand, the Br− ions 
would undertake ligand exchange with PtCl6
2− for the formation of PtBr6
2− ions because of 
the favorable binding constant.135 Under this circumstance, the Pt atoms derived from the 
reduction of Pt(IV) by Pd would be deposited on the corners, {111} facets, nanocubes in a 
fashion orthogonal to etching, leading to the formation of Pd-Pt concave nanocubes. As the 
replacement reaction continues, the concave nanocubes were further transformed into 
octapods with concave surfaces. Figure 1.17, B-E, shows TEM images of the products after 
Pd nanocubes had reacted with a Pt(IV) precursor for different periods of time. In the early 
stage, Figure 1.17B shows that the cubic morphology was essentially preserved but there 
was a slight change to the degree of corner truncation due to the oxidative etching enabled 
by the pair of Cl−/Br− ions and dissolved O2 in the reaction solution.
136, 137 As the reaction 
progressed, Figure 1.17, C and D, shows that the side faces of the nanocubes became more 
concaved, suggesting the etching of Pd atoms from the {100} facets. At the end, Figure 
1.17E shows the nanostructures after Pd atoms had been extensively removed from the side 
facets of the nanocubes while the resultant Pt atoms were deposited at the corners. Likewise, 




Figure 1.17. (A) Schematic diagram illustrating the transformation of a Pd nanocube into 
a Pd-Pt concave nanocube and octapod via galvanic replacement reaction between Pd 
atoms and Pt(IV) ions in the presence of Br− ions to selectively cap the {100} facets. (B-
E) TEM images of the resultant Pd-Pt nanocrystals obtained at (B) 0.5, (C) 4, (D) 9, and 
(E) 20 h, respectively, after the galvanic replacement reaction was initiated. Scale bars in 





conncave nanostructures by selectively etching Pd atoms from the {100} facets as 
accompanied by the deposition of Pt on the {111} facets in an orthogonal fashion. The Pd-
Pt concave nanocubes with different weight percentages of Pt were also evaluated as 
electrocatalysts for the oxygen reduction reaction (ORR). Remarkably, the sample with 3.4 
wt.% of Pt exhibited a large specific electrochemical surface area of 185.8 m2/gPt and its 
mass activity toward ORR was almost four times as great as that of the commercial Pt/C 
catalyst. In summary, galvanic replacement reaction allows the integration of oxidative 
etching with deposition on the individual nanocrystals. It has been demonstrated that the 
lower surface energy facets could serve as an anode to carve atoms in the form of ions 
through oxidation while the deposition of metal would proceed in other facets in an 
orthogonal manner. In turn, galvanic replacement reaction offers a simple approach to 
produce octapods and concave nanostructures, in addition to its utility to fabricate hollow 
nanostructures and nanocages. 
 
1.3 Motivation for Research 
As evidenced by the above-mentioned case studies throughout this chapter, the past 
two decades have witnessed remarkable advancements in the shape-controlled synthesis 
for noble metal nanocrystals for various applications. In particular, template-assisted 
methods in the solution phase, such as seed-mediated growth, have been demonstrated as 
a versatile approach to engineer nanocrystals having specific shapes and compositions. 
Because of the peculiar structure-property relationship of nanomaterials, a meticulous 
control in the size, shape, and composition of nanocrystals could tailor their properties 
towards their optimal performance. However, there are several gaps in our collective 
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understanding of the fundamental principles underlying the different synthesis methods, 
making it challenging to synergize the different strategies. Part of the difficulty arises from 
the lack of a specific understanding of the roles of ligands involved in the colloidal 
syntheses of nanoparticles in achieving the facet-selective deposition and carving on the 
surfaces of nanocrystals. At the moment, researchers often rely on a trial-and-error 
approach to optimize the synthetic conditions. As discussed in Section 1.2.3, the galvanic 
replacement reaction offers a convenient solution that combines both the oxidative etching 
of the nanocrystal template and the reduction of metal ions followed by the deposition of 
metal atoms onto the template. The success to the shape-controlled transformation of a 
nanocrystal template via galvanic replacement relies on the ability to guide and confine the 
oxidation (dissolution) and/or reduction (deposition) half-reactions to specific sites on the 
surface of the template. In many cases, people documented that various ligands involved 
in the reaction solution would selectively interact with specific facets on the surface of the 
template nanocrystal to inhibit or promote the etching and/or deposition at that location. 
Unfortunately, it remains elusive to detect the binding of ligands to the surface of 
nanocrystals in a solution. To this end, it is of importance to develop a technique capable 
of probing the adsorption of organic molecules on the surface of nanoparticles in situ. The 
understanding of the interaction between ligands and the metal surface would provide 
additional insights for the development of the rational design and synthesis of complex-
shape nanocrystals.  
 
1.4 Scope of Research 
The aim of this work is to develop the rational synthesis of noble metal nanocrystals 
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with a complex morphology and well-defined spatial distribution of elements. Specifically, 
I develop a methodology to combine the etching and growth processes on a Ag nanocrystal 
template for the generation of complex nanostructures with concave or hollow 
morphologies. My strategy relies on the use of two chemical reactions, the galvanic 
replacement reaction and chemical reduction, to integrate both the facet-selective oxidation 
(etching) and reduction (growth) reaction in an orthogonal manner. I demonstrate the 
importance in the use of different ligands to modify the etching and growth rates on various 
facets of nanocrystals in the reaction solution, and ultimately to control the facet-selective 
carving and deposition in an orthogonal manner. In this dissertation, I use Ag nanocubes 
as the building blocks for their transformation into bi- and tri-metallic nanostructures such 
as the Ag@Ag-Au core-frame nanocubes, the Ag-Au-M (M:Pt, Pd, Au) cage cubes, and 
the Ag-Au cuboctahedral nanoboxes, with a focus on the discussion of the mechanistic 
details underlying these transformations. I also develop the SERS-based in situ detection 
of the interactions between Ag and ligands in the solution for elucidating the competitive 
binding of thiol and isocyanide molecules on the Ag nanocubes. 
In Chapter 2, I demonstrate the generation of Ag@Ag-Au concave core-frame 
nanocubes by titrating aqueous HAuCl4 to an aqueous suspension of Ag nanocubes in the 
presence of H2Asc, NaOH, and CTAC at an initial pH of 11.6 under ambient conditions. 
Completely different from all the previous studies involving PVP, the use of CTAC sends 
the reaction along an unusual pathway. The mechanism involves the co-deposition of Au 
and Ag atoms on the edges and corners of the Ag nanocubes while Ag atoms are 
concomitantly etched away from the side faces. Specifically, the added HAuCl4 remains in 
the form of AuCl4
− under an alkaline condition, facilitating the galvanic replacement 
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reaction with the Ag nanocubes. Because Cl− ions can selectively bind to the {100} facets 
of Ag nanocubes, one may argue that the dissolution of Ag atoms occurs from the side 
faces. The released Ag+ ions can be retained in the soluble form of AgCl2
− by complexing 
with the Cl− ions. Both the AuCl4
− and AgCl2
− are then reduced by HAsc− to generate Au 
and Ag atoms, followed by their preferentially co-deposition onto the edges and corners of 
Ag nanocubes. As the reaction progresses, Ag atoms located at the side faces of the 
nanocubes are continuously carved by the galvanic reaction while Ag and Au atoms are 
increasingly deposited on the edges and corners, leading to the generation of Ag@Ag-Au 
core-frame nanocubes with concave side faces. The concave nanocrystals show much 
stronger SERS activity at 785 nm excitation, making it feasible to monitor the Au-catalyzed 
reduction of 4-nitrothiophenol by NaBH4 in situ. Furthermore, the concave nanocrystals 
could be transformed into Ag-Au nanoframes with controllable ridge thicknesses upon the 
removal of Ag in the core. 
In Chapter 3, I develop a general methodology based on galvanic replacement for the 
fabrication of nanoscale, multi-metallic, cage cubes by drilling through all the side faces 
of Ag nanocubes. The key to the success is to align the intersected holes by confining the 
drilling to the center of each side face through the deposition of Ag-Au alloy frames along 
the corners and edges of Ag nanocubes. A typical fabrication involves the galvanic 
replacement reaction between Ag and a salt precursor by dispersing the aforementioned 
Ag@Ag-Au core-frame nanocubes (see Chapter 2) in an aqueous solution of CTAC, 
followed by the titration of an aqueous solution of the precursor under ambient conditions. 
At the early stage of reaction, because the Cl− ions derived from CTAC could bind 
selectivity toward the Ag(100) surface, the oxidation of Ag is preferentially instigated from 
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the Ag-dominated regions located at the center of each side face of a nanocube for the 
creation of a cavity while the resultant metal atoms are deposited on the edges and corners 
in an orthogonal manner. In the case of H2PtCl6 precursor, the galvanic reaction proceeds 
through the production of one Pt atom at the expense of four Ag atoms. As such, Ag atoms 
will be carved away from the side faces in the form of Ag(I) ions for the generation of a 
much smaller number of Pt atoms. Because a thin layer of Ag-Au-Pt alloy tends to be 
formed on the surface, including the areas around cavities but not inside the cavities, it is 
possible to achieve continuous removal of Ag towards the center of a core-frame nanocube 
for its ultimate transformation into a cage cube comprised of a Ag-Au-Pt alloy and 
characterized by three orthogonal, intersected holes. The same strategy also works for other 
salt precursors, including Pt(II), Pd(II), and Au(III), but the size of the holes may vary 
depending on the stoichiometry involved in the galvanic replacement reaction. 
In Chapter 4, I report the fabrication of Ag-Au cuboctahedral nanoboxes enclosed by 
{100} or {111} facets through the orthogonal deposition of Au on two different facets of 
Ag cuboctahedra. Specifically, one may rely on the use of a ligand such as PVP or CTAC 
in an aqueous suspension of Ag cuboctahedra containing an ascorbic acid and NaOH at the 
pH of 11.2, followed by the titration of aqueous HAuCl4. In the case of PVP, the oxidation 
of Ag would be initiated on the {111} facets through the galvanic replacement reaction 
between Ag and Au(III) for the deposition of Au the {100} facets of Ag cuboctahedra. 
Because the dissolved Ag(I) ions would react with NaOH to form Ag2O on these {111} 
facets and thus terminate the galvanic reaction, the Au(III) ions would be further reduced 
by ascorbate monoanion (HAsc−) to produce Au atoms for their continuing deposition on 
the {100} facets, converting Ag cuboctahedra to Ag@Au{100} cuboctahedra and then 
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cuboctahedral nanoboxes enclosed by the {100} facets after the etching of Ag. In contrast, 
when the CTAC was involved in the reaction, the oxidation of Ag through galvanic reaction 
would contiguously progress on the {100} facets as the dissolved Ag(I) ions would react 
with the excessive amount of Cl− ions derived from CTAC to produce soluble AgCl2
− ions 
rather than Ag2O. Under this circumstance, the dissolved Ag(I) ions and the Au(III) would 
be co-reduced by HAsc− for the generation of Ag and Au atoms, followed by their co-
deposition on the {111} facets for the generation of Ag@Au{111} concave cuboctahedra and 
the resultant Ag-Au{111} cuboctahedral nanoboxes enclosed by {111} facets upon the 
removal of Ag. The as-obtained cuboctahedral nanoboxes exhibit strong optical properties 
in the infrared region. In particular, the cuboctahedral nanoboxes enclosed by the {111} 
facets embrace catalytic activities toward the reduction of 4-nitrophenol by NaBH4. 
In Chapter 5, I explore the use of in situ SERS to investigate the adsorption of 
different ligands on the surface of colloidal Ag nanocubes. In a typical process, the SERS 
spectra were collected at different time points from a mixture of Ag nanocubes and a ligand 
such as 4-nitrothiophenol (4-NTP), 4-aminothiophenol (4-ATP), or 1,4-phenylene 
diisocyanide (1,4-PDI) at a specific concentration. Time-dependent SERS spectra of 4-
NTP indicate that the adsorption could be achieved within 3 min due to the strong binding 
of thiol to Ag surface. I also recorded the concentration-dependent SERS spectra of 4-NTP, 
from which I observed a red-shift for all peaks at a concentration of 10-7 M relative to the 
case 10-5 M or 10-4 M. I argue that such a red-shift could be attributed to the difference in 
molecular orientation, with the benzene ring oriented parallel to or tilting away from the 
surface at low and high concentrations, respectively. I confirmed that the adsorption 
kinetics of 4-ATP on Ag was similar to that of 4-NTP, although the SERS signals from 4-
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ATP were much weaker due to the absence of chemical enhancement. Different from the 
case of thiol, 1,4-PDI would bind to a Ag surface through -donation, giving slower 
adsorption kinetics over a time scale of 60 min. At a concentration of 10-5 M and above, I 
observed both νNC(free) and νNC(Ag) peaks in the SERS spectra, suggesting that the 1,4-PDI 
molecules could be oriented with the benzene ring tilting away from the surface. I further 
evaluated the relative binding strength of the thiol and isocyanide groups toward Ag surface 
by dispersing Ag nanocubes in an ethanol solution containing both ligands. The SERS 
signals from 1,4-PDI were not detectable in either case when it was used at the same 
concentration as 4-NTP or 4-ATP at 10-5 M. However, the 1,4-PDI signals became 
detectable when its concentration was increased by 100 times relative to 4-NTP or 4-ATP. 
Collectively, these data indicate that the thiols have a much stronger binding to the surface 
on Ag nanocubes, making it possible to impede or even inhibit the adsorption of 
isocyanides.  
 
1.5 Notes to Chapter 1 
Parts of this chapter are adapted from the article “Transforming Noble-Metal 
Nanocrystals into Complex Nanostructures through Facet-Selective Etching and 
Deposition,” a minireview published in ChemNanoMat,138 the article “Site-Selective 
Carving and Co-Deposition: Transformation of Ag Nanocubes into Concave Nanocrystals 
Encased by Au–Ag Alloy Frames” published in ACS Nano,86 the article “Fabrication of 
Nanoscale Cage Cubes by Drilling Orthogonal, Intersected Holes through All Six Side 
Faces of Ag Nanocubes” under revision for publication in Chemistry of Materials,139 the 
article “Orthogonal Deposition of Au on Different Facets of Ag Cuboctahedra for the 
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Fabrication of Nanoboxes with Complementary Surfaces” published in Nanoscale,140 and 
the article “Comparative Study of the Adsorption of Thiol and Isocyanide Molecules on 
Silver Surface by In Situ Surface-Enhanced Raman Scattering” published in the Journal of 
Physical Chemistry C.141 
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CHAPTER 2. SITE-SELECTIVE CARVING AND CO-DEPOSITION: 
TRANSFORMATION OF AG NANOCUBES INTO CONCAVE 




As discussed in Chapter 1, noble metal nanocrystals with concave surface features 
are attractive for a range of applications in catalysis,1,2 optical sensing,3,4 and plasmonics.5,6 
Specifically, the high-index facets associated with a concave surface can be employed to 
enhance the catalytic activity by increasing the density of surface atoms with low-
coordination numbers. The sharp features formed among or between concave faces can 
also lead to significant enhancement in local electric field, promoting their use as probes 
for surface-enhanced Raman scattering (SERS).6-8  
There are two documented strategies for the synthesis of concave nanocrystals. The 
first one involves the use of an oxidative etchant to carve atoms from a specific set of facets 
on the nanocrystals for the creation of concave structures. Among those, Yang et. al. 
demonstrated the fabrication of Ag concave nanocrystals by controlling the etching of Ag 
octahedra with a mixture of NH4OH and H2O2.
9 Xia et. al. reported the transformation of 
Pd nanocubes into Pd@Pt-Pd concave nanocubes by controlling the galvanic replacement 
reaction between Pd nanocubes and a Pt(II) precursor under the assistance of Br− ions.10 
The second strategy relies on the selective deposition of atoms derived from a metal 
precursor at certain sites on the surface of a nanocrystal under the mediation of surface 
capping. To this end, Mirkin et. al. demonstrated the fabrication of Au concave nanocubes 
and convex tetrahexahedra by varying the type of anions such as Cl− and Br− involved in 
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the reaction.11 Xia et. al. reported the synthesis of Pt and Pd concave nanocubes by 
employing Br− as a capping agent toward the {100} facets and thus slowing down the 
growth rate at these sites.12,13 Xia et. al. also demonstrated the deposition of Ag on Ag 
nanocubes for the generation of Ag concave nanocrystals by introducing Cu2+ ions into the 
solution to mediate the growth rates along different directions.14 Huang et. al. demonstrated 
the synthesis of Pd@Au concave nanocubes by introducing Ag+ ions into the reaction 
solution under a reducing environment.15 Most recently, Personick et. al. reported the use 
of I− ions to manipulate the growth of Pd on Au nanocrystals for the production of Au@Pd 
nanocrystals with a mix of concave and convex surfaces.16  
Although the aforementioned approaches have been successfully implemented for 
the fabrication of nanocrystals with concave structures on the surface, few of these studies 
have explored the possibility to combine these two approaches together. I argue that the 
synergy of carving and deposition will offer some immediate advantages, including the 
ability to fabricate metal nanocrystals with more significant concaveness on the surface 
and the flexibility to manipulate the elemental compositions in addition to the spatial 
distributions of different elements. In this Chapter, I demonstrate the synthesis of Ag 
nanocubes with concave side faces and Ag-Au alloy frames, namely Ag@Ag-Au concave 
nanocrystals, by simply titrating HAuCl4 solution into an aqueous suspension of Ag 
nanocubes in the presence of cetyltrimethylammonium chloride (CTAC), ascorbic acid 
(H2Asc), NaOH, and at an initial pH of 11.6. Completely different from the prior work 
involving poly(vinylpyrrolidone) (PVP),17,18 the use of CTAC sends the reaction along an 
unusual pathway. Equivalent to PVP, CTAC can serve as a colloidal stabilizer to prevent 
the nanoparticles from aggregation in a colloidal suspension. However, the Cl– ions 
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dissociated from CTAC can affect both the speciation of the Au(III) precursor and the 
reduction/deposition pathway. Different from the PVP case, in the presence of Cl– ions at 
a sufficient concentration, the added HAuCl4 would be neutralized only by NaOH to form 
AuCl4
− species without further transformation into AuCl(OH)3
− and Au(OH)4
− species 
under an alkaline condition,19 making it easier to initiate the galvanic reaction with Ag. 
Because the Cl− ions have binding selectivity toward the Ag(100) surface,20 I argue that the 
dissolution of Ag atoms would occur on the side faces of Ag nanocubes. The released Ag+ 
can be quickly converted to AgCl2
− by complexing with the Cl− ions,21 ruling out the 
formation of AgOH and then Ag2O patches as it was observed in the case of PVP.
22 Under 
an alkaline condition, H2Asc should be neutralized into ascorbic monoanion (HAsc
–),23 a 
strong reducing agent, that can quickly reduce both AuCl4
− and AgCl2
− to Au and Ag atoms, 
respectively. When the side faces are dominated by the galvanic replacement reaction, the 
co-deposition of Au and Ag atoms should occur on the edges and corners of the nanocubes. 
As Ag atoms are continuously etched away from the side faces and more Au and Ag are 
co-deposited on the edges and corners, the concavities on the side faces of the nanocubes 
are increasingly deepened toward the formation of Ag@Ag-Au concave nanocrystals. Such 
bimetallic nanocrystals embrace both the SERS activity arising from the original Ag cores 
and the catalytic capability through the introduction of Au to the surface, making them 
practical for monitoring Au-catalyzed reaction on the surface by in situ SERS. When the 
Ag cores are etched away selectively, the concave nanocrystals are transformed into Ag-
Au alloy nanoframes with controllable ridge thicknesses. This study clearly demonstrates 
the feasibility to engineer the structures of bimetallic nanocrystals by manipulating the site 
selectivity of both etching and deposition through the introduction of a simple additive 
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such as Cl− ions. 
 
2.2 Experimental Section 
Chemicals. Ethylene glycol (EG) was purchased from J.T. Baker. Sodium 
hydrosulfide hydrate (NaSHxH2O), aqueous hydrochloric acid (HCl, 37 wt.%), 
poly(vinylpyrrolidone) (PVP) with an average molecular weight of 29000 or 55000 (PVP-
29k or PVP-55k), silver trifluoroacetate (CF3COOAg, 99.99% trace metal basis), aqueous 
cetyltrimethylammonium chloride solution (CTAC, 25 wt.%), and L-ascorbic acid (H2Asc, 
99%), gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9% trace metal basis), aqueous 
hydrogen peroxide (H2O2, 30 wt.%), sodium tetrachloropalladate(II) (Na2PdCl4, 99.99% 
trace metal basis), thiourea (99.0+%), were acquired from Sigma-Aldrich (St. Louis, MO). 
Acetone (HPLC grade, 99.5+%) and sodium hydroxide (NaOH, 98%) were obtained from 
Alfa Aesar. All chemicals were used as received. All aqueous solutions were prepared using 
deionized (DI) water with a resistivity of 18.2 MΩ·cm at room temperature.  
Synthesis of the Ag Nanocubes. I prepared the Ag nanocubes with an average edge 
length of 40.5±2.8 nm using the polyol method developed by Xia and co-workers.24 The 
as-obtained Ag nanocubes were washed with acetone and water once each and then 
dispersed in water for further use. 
Synthesis of the Ag@Ag-Au Nanocrystals. In a typical synthesis, 2 mL of aqueous 
CTAC (0.1 M) was added into a glass vial, followed by the addition of 0.5 mL of aqueous 
H2Asc (0.1 M) and 0.5 mL of aqueous NaOH (0.2 M) under magnetic stirring. Immediately 
after the introduction of 25 µL of the aqueous suspension of Ag nanocubes (with a final 
concentration of about 2.6×1011 particles/mL), aqueous HAuCl4 (0.1 mM) was titrated into 
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the solution at a rate of 0.02 mL/min using a syringe pump under ambient conditions. As 
soon as the titration was completed, the solid sample was collected by centrifugation at 
6000 rpm for 11 min, washed with water twice, and re-dispersed in water for future use. 
Etching of Ag Cores from the Ag@Ag-Au Nanocrystals. In a typical process, the 
as-prepared nanocrystals were dispersed in 0.1 mL of water, followed by the addition of 
0.9 mL of aqueous H2O2 (3 wt.%) solution. The suspension was left at room temperature 
for 5 h and then centrifuged at 12000 rpm for 15 min to collect the products. The particles 
were washed once with water and re-dispersed in water for further use. 
SERS Monitoring of the Reduction of 4-NTP on the Ag@Ag-Au Nanocrystals. I 
first collected the as-prepared nanocrystals by centrifugation and had them dispersed in 0.1 
mL of water. I then functionalized their surfaces with 4-NTP molecules by dispersing them 
in 0.9 mL of an ethanol-based 4-NTP solution (10-5 M). After incubation at room 
temperature for 2 h, I collected the 4-NTP-functionalized nanocrystals by centrifugation 
and washed with water prior to characterization. I took 0.2 mL of the suspension of 4-NTP-
functionalized nanocrystals and mixed it with 0.2 mL of aqueous NaBH4 (1 mg/mL) to 
start the reaction at room temperature. I sampled an aliquot of 20 L from the reaction 
solution every several minutes and placed it in a polydimethylsiloxane (PDMS) sample 
cell to collect the SERS spectrum for monitoring the progress of the reaction. I used a 
Renishaw inVia Raman spectrometer (Wotton-under-Edge, UK) coupled with a Leica 
optical microscope (Leica Camera, Wetzlar, Germany) to collect the Raman spectra using 
100× objective. I used an excitation wavelength of 785 nm in conjunction with a grating 
of 1200 lines/mm, and a maximum (100%) power of 100 mW. 10% of the maximum laser 
power was used to collect the Raman spectra from Ag@Au concave core-frame nanocubes 
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as substrate, while 100% was used in the case of Ag nanocubes as substrate. 
Instrumentation and Characterization. The samples were washed and collected 
using an Eppendorf 5430 centrifuge (Eppendorf North America, Hauppauge, NY). The pH 
values were measured using a FiveEasy pH Meter (Mettler Toledo, Columbus, OH). The 
UV-vis spectra were collected using the Cary 60 spectrophotometer (Agilent Technologies, 
Santa Clara, CA). The Ag and Au contents in the nanocrystals were quantified using a 
NexION 300Q ICP-MS (PerkinElmer, Waltham, MA). Transmission electron microscopy 
(TEM) images were captured on a Hitachi HT7700 microscope (Tokyo, Japan) operated at 
120 kV. Scanning electron microscopy (SEM) images were taken using a Hitachi SU8230 
field-emission microscope. High-angle annular dark field scanning electron microscopy 
(HAADF-STEM) images were recorded on a Hitachi HD2700 Cs-corrected microscope 
operated at 200 kV. The EDS detector on the HD2700 was used to generate an elemental 
mapping of the nanocrystals.  
 
2.3 Results and Discussion 
2.3.1 Synthesis and Characterization of Ag@Ag-Au Concave Nanocrystals 
In a typical process, I followed an established protocol to prepare Ag nanocubes with 
an average edge length of 40.5±2.8 nm (Figure 2.1).24 I then dispersed the nanocubes in an 
aqueous solution containing H2Asc, NaOH, and CTAC at an initial pH of 11.6, followed 
by the titration of 0.1 mM aqueous HAuCl4 using a syringe pump under ambient conditions. 
Because the reaction solution was made alkaline by adding NaOH, essentially all the H2Asc 
should be neutralized to generate HAsc−, a much stronger reductant than H2Asc.
23 Likewise, 
the titrated HAuCl4 should be quickly neutralized by OH
− to form AuCl4
−, which then  
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Figure 2.1. (A) TEM and (B) SEM image of Ag nanocubes with an average edge length of 
40.5±2.8 nm.  
 
potentially underwent ligand exchange with OH− to produce AuCl(OH)3
− and Au(OH)4
−, 
both of which have lower reduction potentials than AuCl4
−.19 However, the CTAC was 
supposed to dissociate into cetyltrimethylammonium (CTA+) and chloride (Cl−) ions in the 
reaction medium.25 At an adequate concentration, I argue that the Cl− ions should be able 
to keep the titrated Au(III) precursor in the form of AuCl4
− and thus maintain a relatively 
high reduction potential to support the galvanic replacement with the Ag nanocubes. To 
validate my hypothesis, I performed two sets of experiments by titrating 0.1 mM HAuCl4 
into the aqueous suspension of Ag nanocubes in absence or presence of NaOH. When 
NaOH was not involved in the reaction at an initial pH of 3.2, Figure 2.2A shows the UV-
vis spectra of the Ag nanocubes before and after reacting with different volumes of 
H2AuCl4. It was found that the major LSPR peak of Ag nanocubes was shifted from 433 to 
468, 503, 499, and 523 nm at 0.2, 0.4, 0.6, and 0.8 mL, respectively, together with a 
continuing decrease in the peak intensity. Figure 2.2B shows TEM image of the as-obtained 
sample prepared at a titration volume of 0.8 mL, in which voids were clearly identified.  
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Figure 2.2. (A) UV-vis spectra of Ag nanocubes before and after reacting with different 
volumes of 0.1 mM aqueous HAuCl4 in the presence CTAC at an initial pH of 3.2. (B) 
TEM image of the sample prepared with 0.8 mL of aqueous HAuCl4 in the presence of 
CTAC. (C) UV-vis spectra of Ag nanocubes before and after reacting with different 
volumes of 0.1 mM aqueous HAuCl4 in the presence CTAC and NaOH at an initial pH of 
12.2. (D) TEM image of the sample prepared with 0.8 mL of aqueous HAuCl4 in presence 
of CTAC and NaOH.   
 
These results indicate the involvement of galvanic replacement reaction between Ag 
nanocubes and HAuCl4 in the absence of NaOH. When the initial pH of reaction solution 
was adjusted to 12.2 by adding NaOH, Figure 2.2C shows the corresponding UV-vis 
spectra of the Ag nanocubes at different titration volumes. Similar to the trend shown in 
Figure 2.2A, the major LSPR peak of the Ag nanocubes was shifted from 435 to 477, 548, 
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509, and 523 nm at 0.2, 0.4, 0.6, and 0.8 mL, respectively, together with some decrease in 
the peak intensity. Again, as shown in Figure 2.2D, I observed the formation of hollow 
interiors from the sample prepared at a titration volume of 0.8 mL. This observation is 
completely different from that of the previous report in the case of PVP when all other 
reaction parameters kept the same.18 In the case of PVP under an alkaline condition, the 
galvanic replacement reaction between the Ag nanocubes and the added HAuCl4 only 
occurred to a very minor extent. Taken together, under an alkaline condition, I believe that 
the added HAuCl4 was only neutralized by NaOH to generate AuCl4
− with no further ligand 
exchange with OH−, enabling its galvanic replacement reaction with Ag under an alkaline 
condition. The resultant Ag+ ions remained in the soluble form of AgCl2
− by complexing 
with Cl− ions.21 Both the AuCl4
− and AgCl2
− in the reaction solution could be reduced by 
HAsc− to generate Ag and Au atoms for their co-deposition onto the Ag nanocubes. 
Figure 2.3, A-F, shows SEM and TEM images of the products obtained after adding 
different volumes of aqueous HAuCl4. To help identify the Au deposition pathway, I used 
aqueous H2O2 to dissolve the Ag cores while leaving the deposited Ag-Au alloy intact. 
Figure 2.3, G-I, shows TEM images of the resultant structures. At a titration volume of 0.2 
mL, Figure 2.3, A and D, shows nanoparticles with a similar morphology to that of the 
original Ag nanocubes, together with slightly sharpened corners. After the removal of Ag 
cores, Figure 2.3G shows the formation of broken nanoframes. In this case, the amount of 
Au atoms derived from the Au(III) precursor was insufficient to form continuous, robust 
structures on all the edges of the Ag nanocubes, leading to the formation of broken 
nanoframes. This result suggests that the initial deposition of Au selectively occurred on 
the edges, or the {110} facets, of Ag nanocubes, consistent with previous findings.26-28  
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Figure 2.3. (A-C) SEM and (D-F) TEM images of the Ag@Ag-Au concave nanocrystals. 
The samples were prepared by titrating different volumes of 0.1 mM aqueous HAuCl4 into 
a suspension of Ag nanocubes in the presence of H2Asc, NaOH, and CTAC at an initial pH 
of 11.6: (A, D) 0.2, (B, E) 0.8, and (C, F) 1.6 mL, respectively. (G-I) TEM images of the 
resultant structures after etching of the samples in (D-F) with aqueous H2O2. Scale bars in 
the insets: 40 nm. 
 
When the titration volume was increased to 0.8 mL, Figure 2.3, B and E, shows the 
generation of nanocrystals with visibly concave side faces at the sites of {100} facets on 
the original Ag nanocubes. After the selective etching of Ag cores, Figure 2.3H confirms 
the transformation of the concave nanocrystals into cubic nanoframes as most of the Au 
atoms were deposited on the edges and then corners of the Ag nanocubes. As the titration 
volume was further increased to 1.6 mL, Figure 2.3, C and F, confirms the formation of 
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cubic nanocrystals with more significantly concave side faces. After the removal of Ag 
cores, Figure 2.3I shows the creation of nanoframes made of ridges thicker than the sample 
shown in Figure 2.3H while some Au atoms could also be found at the {100} facets. This 
observation suggests that some Au atoms could migrate from edges and corners to side 
faces through surface diffusion when a considerable amount of Au atoms are deposited on 
the nanocubes.29 
I used aberration-corrected high-angle annular dark-field scanning TEM (HAADF-
STEM) to examine the detailed structure and morphology of the as-obtained particles. I 
also performed energy dispersive X-ray spectroscopy (EDS) mapping on an individual 
particle to resolve the distributions of constituent elements. Figure 2.4A shows a HAADF-
STEM image taken from an individual particle prepared using 0.8 mL of aqueous HAuCl4, 
with the particle oriented along the ⟨001⟩ zone axis. I clearly observed the formation of 
concave side faces. Figure 2.4, B-D, shows the spatial distributions of Ag, Au, and Cl for 
the same nanocrystal shown in Figure 2.4A. I noticed that the distribution of Ag was 
confined to a solid square with no inclusion of hollow interior and no extrusion from the 
corner sites while Au was largely deposited around the nanocube. These results suggest 
that there was a limited galvanic replacement reaction between the Au(III) species and the 
Ag nanocubes while the Au atoms derived from the reduction by both Ag and HAsc− were 
preferentially deposited onto the edges and corners of the Ag nanocubes. The presence of 
Cl− on the entire surface validates the selective capping of CTAC toward the {100} facets 
on the Ag nanocubes.  
To further confirm the deposition pathway for Au, I also used aqueous H2O2 to 
remove Ag for the sample prepared with 0.8 mL of aqueous HAuCl4 and then characterized  
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Figure 2.4. (A) HAADF-STEM image recorded from one of the Ag@Ag-Au concave 
nanocrystals prepared with the titration volume of 0.8 mL of HAuCl4 (see Figure 2.3E) 
when it was orientated along the <001> zone axis. (B-D) EDS mapping of the same 
concave nanocube (blue: Ag; orange: Au; green: Cl).  
 
the resultant nanostructures. Figure 2.5A shows an SEM image of the resultant nanoframes. 
Figure 2.5B gives a HAADF-STEM image of an individual nanoframe. The sharp bright 
contrast at the corners signifies local abundance of Au. Figure 2.5, C and D, shows the 
distributions of Ag and Au in the nanoframe. Again, I confirm the presence of Au on the 
edges and corners of the nanoframe. Because a small amount of Ag was observed at the 
corner sites after etching, I argue that the Ag atoms were included in the structure as a Ag-
Au alloy, making it possible for them to survive the etching process. This result suggests  
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Figure 2.5. (A) SEM image of the nanoframes shown in Figure 2.3F. (B) HAADF-STEM 
image taken from one of the nanoframes shown in A when it was orientated at orientated 
along the <001> zone axis. (C, D) EDS mapping of a Ag-Au nanoframe (blue: Ag; orange: 
Au). 
 
that some Ag+ ions were released from the {100} facets due to the galvanic replacement 
reaction with AuCl4
−. These Ag+ ions, likely in the form of AgCl2
− complex due to the 
presence of Cl− ions at a relatively high concentration, could be reduced by HAsc− to 
produce Ag atoms, followed by their co-deposition with the Au atoms on the edges and 
corners of the Ag nanocubes.  
 I also performed HAADF-STEM and EDS analyses on one of the nanocrystals 
prepared with a larger titration volume of aqueous HAuCl4 at 1.6 mL. Figure 2.6A shows 
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a HAADF-STEM image when the particle was oriented along the ⟨001⟩ zone axis. 
Evidently, I observed the regions with a darker contrast on the side faces and in the center, 
indicating the loss of Ag from the side faces and thus formation of cavities at these sites. 
Figure 2.6B reveals the atoms that were located in the concave region. Based on the atom 
arrangement, I measured the lattice constant of the nanocrystal to be 0.404 nm, which is 
close to the lattice constant of Ag.30 This result indicates that there was no lattice distortion 
in the concave region. The distribution of Ag in Figure 2.6C is consistent with the contrast 
pattern shown in Figure 2.6A. Figure 2.6D confirms the deposition of Au mainly on the 
{110} and {111} facets of the Ag nanocube, with a limited amount on the {100} facets. 
This data directly supports my TEM observation of the resultant nanostructures after the 
removal of Ag from the core (see Figure 2.3I). Taken together, it is clear that Ag atoms 
were oxidized and dissolved from the {100} facets of Ag nanocubes via galvanic 
replacement with AuCl4
− and the released Ag+ ions subsequently complexed with the Cl− 
ions to generate AgCl2
− until it was co-reduced with AuCl4
− by HAsc− for the generation 
of Ag and Au atoms. 
To validate my hypothesis that the Ag atoms dissolved from the {100} facets of the 
Ag nanocubes were deposited back onto the edges and corners of nanocubes with Au atoms, 
I used inductively coupled plasma mass spectrometry (ICP-MS) to measure the contents of 
Ag and Au in the as-prepared samples when Ag nanocubes were reacted with different 
volumes of 0.1 mM HAuCl4. In a typical process, I collected both solids and supernatants 
after centrifugation to separately determine their Ag and Au contents by ICP-MS analysis. 
Figure 2.7A shows that the amount of Ag in the solid samples did not change from the 
initial value of 184 μg as the titration volume of 0.1 mM HAuCl4 was increased 
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Figure 2.6. (A, B) HAADF-STEM images taken from one of the Ag@Ag-Au concave 
nanocrystal prepared with the titration of 1.6 mL of HAuCl4 (see Figure 2.3F) when it was 
orientated along the <001> zone axis. (C, D) EDS mapping of the concave nanocrystal 
(green: Ag; red: Au). 
 
up to 1.6 mL. The Ag content in the supernatant was less than 0.1% of that in the solid at 
all the titration volumes, suggesting no loss of Ag from nanocubes during the titration 
process. This result supports my argument that the Ag atoms oxidized from the side faces 
of Ag nanocubes were reduced by HAsc– to generate Ag atoms for their re-deposition onto 
the edges and corners of the nanocubes, increasing the concaveness on the {100} facets of 
the nanocubes. In comparison, Figure 2.7B indicates that the amount of Au in the solid 




Figure 2.7. ICP-MS data of (A) Ag and (B) Au for the corresponding products (solids and 
supernatant) prepared by titrating aqueous HAuCl4 into an aqueous suspension of Ag 
nanocubes in the presence of H2Asc, NaOH, and CTAC at an initial pH of 11.6. The data 
points marked as ‘‘added’’ represent the amount of Au calculated by assuming complete 
reduction for the added HAuCl4, followed by the deposition of Au atoms onto the Ag 
nanocubes. 
 
increased from 0.2 to 1.6 mL. It was found that the Au content in the supernatant was also 
below the detection limit in the course of titration. By assuming that the added AuCl4
− 
precursor was completely reduced to Au atoms by chemical reduction with HAsc– and 
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through galvanic replacement with Ag nanocubes, and then deposited onto the Ag 
nanocubes, I calculated the amount of Au in the solids at different titration volumes (see 
solid line in Figure 2.7B), which are close to the experimental values. These results confirm 
that the added AuCl4
− was completely reduced into Au atoms, followed by their deposition 
onto the Ag nanocubes. 
In addition to the characterization of the as-prepared products by electron microscopy, 
I used UV-vis spectroscopy to monitor the transformation of Ag nanocubes into Ag@Ag-
Au nanocrystals by analyzing the localized surface plasmon resonance (LSPR) properties 
of the Ag nanocubes before and after reacting with aqueous HAuCl4 in the presence of 
H2Asc, NaOH, and CTAC at an initial pH of 11.6. As the titration volume was increased, 
Figure 2.8 shows that the major LSPR peak of the Ag nanocubes was constantly red-shifted 
from 435 to 455, 473, 499, and 530 nm at titration volumes of 0.2, 0.4, 0.8, and 1.6 mL, 
respectively. Additionally, the intensity of the major LSPR peak showed an initial decrease 
and then increase during the titration process. The red-shift of the LSPR peak could be 
attributed to the emergence of cavities on the side faces of the nanocrystals.7 The initial 
decrease in peak intensity could be accounted by considering the dissolution of Ag atoms 
from the side faces and the deposition of Au on the edges and corners because Au has a 
weaker LSPR response in the visible region relative to Ag.5 The subsequent increase in 
peak intensity could be ascribed to the reduction of the release Ag+ ions for their co-
deposition of the Au atoms. 
To elucidate the explicit roles played by NaOH in transforming Ag nanocubes into 
the Ag@Ag-Au concave nanocrystals, I also recorded UV-vis spectra from Ag nanocubes 




Figure 2.8. UV-vis spectra of Ag nanocubes before and after reacting with different 
volumes of 0.1 mM aqueous HAuCl4 in the presence of H2Asc, NaOH, and CTAC at an 
initial pH of 11.6.  
 
presence of H2Asc and CTAC but in the absence of NaOH at an initial pH of 2.8. Figure 
2.9A shows the red-shift in LSPR peak position for the Ag nanocubes, together with 
broadening in peak width and a decrease in peak intensity. Figure 2.9B shows TEM image 
of the product obtained with a titration volume of 0.8 mL, from which I observed the 
transformation of Ag nanocubes into hollow nanocubes with slightly concave side faces. 
These results support my argument on the involvement of galvanic replacement reaction 
between Ag nanocubes and the Au(III) species in the presence of CTAC regardless of the 
initial pH. However, under an alkaline condition, NaOH would neutralize H2Asc to HAsc
−, 
making the chemical reduction faster. Ultimately, the balance between galvanic reaction 
and chemical reduction would enable the generation of Ag concave nanocubes framed with 
a Ag-Au alloy at the corners and edges, different from the products in the absence of NaOH, 




Figure 2.9. (A) UV-vis spectra of Ag nanocubes before and after reacting with different 
volumes of 0.1 mM aqueous HAuCl4 in the presence of H2Asc and CTAC at an initial pH 
of 2.8. (B) TEM image of the sample prepared with 0.8 mL of aqueous HAuCl4.  
 
2.3.2 Proposed Mechanism for Site-Selective Carving and Co-Deposition 
Based on the experimental results shown in Figures 2.1-2.9, I propose a mechanism 
to account for the transformation of Ag nanocubes into Ag@Ag-Au concave nanocrystals 
in an aqueous phase in the presence of H2Asc, NaOH, and CTAC at an initial pH of 11.6 
(Figure 2.10, left panel). Because the Cl− ions derived from CTAC can selectively bind to 
the side faces, that is, {100} facets, on Ag nanocubes, I argue that these sites will be 
preferentially activated toward oxidation.19 Upon the titration of aqueous HAuCl4, the {100} 
facets can act as an anode for the initiation of a galvanic the soluble form of AgCl2
− by 
complexing with Cl− ions. Meanwhile, both the AgCl2
− and the Au(III) species can be 
reduced by HAsc– for the generation of Ag and Au atoms, followed by their deposition on 
the Ag nanocubes. Because the side faces are involved in the galvanic replacement reaction, 
I believe that the co-deposition of Au and Ag atoms is automatically directed and confined 
to the edges and corners. At a low titration volume of HAuCl4, the site-selective deposition 




Figure 2.10. Schematic illustration describing the proposed mechanisms for the deposition 
of Au onto Ag nanocubes by titrating HAuCl4 into an aqueous suspension of Ag nanocubes 
in the presence of H2Asc, NaOH, and CTAC (left) or PVP (right) at an initial pH of 11.6. 
replacement reaction between Ag and AuCl4
− species. The released Ag+ ions should stay in 
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slightly concave side faces when the carving on the side faces of nanocubes is limited. As 
more HAuCl4 is titrated into the system, the Ag atoms are increasingly carved away from 
the side faces, leading to the formation of Ag@Ag-Au nanocrystals with more concaved 
side faces. Upon etching of pure Ag in the core with H2O2, the Ag@Ag-Au concave 
nanocrystals are transformed into Ag-Au nanoframes. 
It is important to acknowledge that the deposition of Au on Ag nanocubes in the 
presence of CTAC is completely different from my previously published work in which 
PVP was used as the colloidal stabilizer while all other experimental conditions were kept 
essentially the same (Figure 2.10, right panel).18 In the case of PVP, the galvanic 
replacement reaction is initiated from the corner sites, the {111} facets, rather than the side 
faces due to the lack of insufficient Cl− ions originating from the titrated AuCl4
− precursor 
to activate the {100} facets. The galvanic replacement is also quickly terminated due to the 
formation of AgOH and then Ag2O patches at the corner sites. The formation of 
AuCl(OH)3
− and Au(OH)4
− through ligand exchange between AuCl4
− and OH− also helps 
terminate the galvanic reaction by increasing the reduction potential of the Au(III) 
precursor. As a result, the titrated Au(III) precursor is mainly reduced by HAsc− to generate 
Au atoms, for their sequential deposition onto the edges and then side faces, leading to the 
transformation of Ag nanocubes into Ag@Au core-shell nanocubes. After the treatment 
with a weak acid to remove the Ag2O and then etching of Ag cores with H2O2, the core-
shell nanocubes are converted into Au-based nanoboxes with well-defined openings at the 
corners.22  
Collectively, CTAC at a sufficiently high concentration plays a number of roles in the 
transformation of Ag nanocubes into Ag@Ag-Au concave nanocrystals in an aqueous 
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system. Firstly, the CTAC-derived Cl− ions would support the Au(III) species in the AuCl4
− 
format even under an alkaline condition, enabling the galvanic replacement reaction with 
the Ag nanocubes. Secondly, Cl− ions can selectively bind to the {100} facets of Ag 
nanocubes, initiating the dissolution of Ag atoms from the side faces for the deposition of 
Au atoms on the edges and corners. Thirdly, the released Ag+ ions from side faces of 
nanocubes can be retained in the soluble form of AgCl2
− by complexing with the Cl− ions, 
and AgCl2
− can be reduced back to Ag atoms for their co-deposition with the Au atoms on 
the edges and corners of nanocubes. 
 
2.3.3 Evaluating the Integrated SERS and Catalytic Properties of Ag@Ag-Au Concave 
Nanocrystals 
I evaluated the SERS activity of Ag@Ag-Au concave nanocrystals by benchmarking 
against Ag nanocubes. With excitation at 785 nm, Figure 2.11 shows the SERS spectra 
collected from 4-nitrothiophenol (4-NTP) adsorbed on the Ag nanocubes and Ag@Ag-Au 
concave nanocrystals prepared with 1.6 mL of 0.1 mM aqueous HAuCl4 (see Figure 2.3C). 
The SERS peak at 1574 cm-1 was increased 10 times for the concave nanocrystals (at 10% 
of laser power) relative to that of Ag nanocubes (at 100% laser power). I further 
demonstrated the use of these Ag@Ag-Au concave nanocrystals as a SERS probe for 
monitoring the reduction of 4-NTP by NaBH4 in situ (Figure 2.12). In a typical 
measurement, I functionalized the concave nanocrystals with 4-NTP and then collected the 
SERS spectra at different time intervals with the laser excitation wavelength at 785 nm. At 
t=0 min, I observed the characteristic peaks of 4-NTP at 1111 cm-1 (C-N stretching mode, 
νCN), 1349 cm
-1 (O-N-O stretching mode, νNO2), and 1574 cm




Figure 2.11. SERS spectra of 4-nitrothiophenol (4-NTP) collected from either Ag 
nanocubes (black) or Ag@Au concave core-frame nanocubes (red) as the substrate, under 
the same experimental conditions except for the difference in laser power. 
 
respectively. The peak at 1083 cm-1 can be assigned to the C-S stretching mode (νCS). At 
t=4 min, the three bands of 4-NTP remained essentially unchanged except that the νNO2 
band was slightly shifted from 1349 to 1336 cm-1. At the same time, I began to resolve the 
characteristic peak of 4-ATP at 1593 cm-1 (C-C stretching mode, νCC), together with three 
new peaks associated with trans-dimercaptoazobenzene (trans-DMAB) at 1141 cm-1 (C-N 
stretching mode, νCN, and C-H bending mode, βCH), 1390 cm
-1 (C-N stretching mode, νCN, 
and N=N stretching mode, νNN), and 1432 cm
-1 (N=N stretching mode, νNN, and C-H 
bending mode, βCH), respectively.
31 As the reaction progressed to 12 and then 43 min, I 
observed the decrease in the peak intensities of three vibration bands for 4-NTP while the 
peak intensities of the bands associated with 4-ATP and trans-DMAB were increased. This 
data suggests the reduction of 4-NTP to 4-ATP by NaBH4 via the intermediate trans-
DMAB. At the reaction time of 57 min and beyond up to 103 min, the three peaks in the 




Figure 2.12. Time-dependent SERS spectra collected during the reduction of 4-NTP by 
NaBH4 at an excitation wavelength of 785 nm. The reaction was catalyzed by the Ag@Ag-
Au concave nanocrystals prepared with the titration of 1.6 mL of 0.1 mL HAuCl4. The 






In summary, I have demonstrated the generation of Ag@Ag-Au concave nanocrystals 
by titrating aqueous HAuCl4 to an aqueous suspension of Ag nanocubes in the presence of 
H2Asc, NaOH, and CTAC at an initial pH of 11.6 under ambient conditions. Completely 
different from all the previous studies involving PVP, the use of CTAC sends the reaction 
along an unusual pathway. The mechanism involves the co-deposition of Au and Ag atoms 
on the edges and corners of the Ag nanocubes while Ag atoms are concomitantly etched 
away from the side faces. Specifically, the added HAuCl4 remains in the form of AuCl4
− 
under an alkaline condition, facilitating the galvanic replacement reaction with the Ag 
nanocubes. Because Cl− ions can selectively bind to the {100} facets of Ag nanocubes, I 
argue that the dissolution of Ag atoms occurs from the side faces. The released Ag+ ions 
can be retained in the soluble form of AgCl2
− by complexing with the Cl− ions. Both the 
AuCl4
− and AgCl2
− are then reduced by HAsc− to generate Au and Ag atoms, followed by 
their preferentially co-deposition onto the edges and corners of Ag nanocubes. As the 
reaction progresses, Ag atoms located at the side faces of the nanocubes are continuously 
carved by the galvanic reaction while Ag and Au atoms are increasingly deposited on the 
edges and corners, leading to the generation of Ag@Ag-Au nanocrystals with concave side 
faces. The concave nanocrystals show much stronger SERS activity at 785 nm excitation, 
making it feasible to monitor the Au-catalyzed reduction of 4-nitrothiophenol by NaBH4 
in situ. The concave nanocrystals could be transformed into Ag-Au nanoframes with 
controllable ridge thicknesses upon the removal of Ag in the core.  
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2.5 Notes to Chapter 2 
This chapter was adapted from the article “Site-Selective Carving and Co-
Deposition: Transformation of Ag Nanocubes into Concave Nanocrystals Encased by Au–
Ag Alloy Frames” published in ACS Nano.32 
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CHAPTER 3. FABRICATION OF NANOSCALE CAGE CUBES BY 
DRILLING ORTHOGONAL, INTERSECTED HOLES THROUGH 
ALL SIX SIDE FACES OF AG NANOCUBES 
 
3.1 Introduction 
As discussed in the previous chapters, the galvanic replacement reaction offers a 
facile method for transform solid mono- or bimetallic nanocrystals of various shapes into 
hollow and/or porous metallic nanostructures having well-controlled morphologies and 
compositions for a range of applications in biomedicine,1-3 catalysis,4-6 optical sensing,7, 8 
and surface-enhanced Raman scattering (SERS).9-12 For example, Ag nanocubes were 
reacted with a Au(I) or Au(III) precursor in an aqueous solution for the production of Ag-
Au nanoboxes and nanocages with tunable optical properties.13,14 Similar approaches have 
been successfully applied to the generation of hollow and/porous nanostructures made of 
Ag-Pt,15 Ag-Pd,16 and Pd-Pt;17 and some of these nanostructures were further explored for 
catalytic applications. When combined with the Kirkendall effect, galvanic replacement 
has also been employed to convert Ag nanocubes into double-walled nanoboxes with 
different exterior and interior compositions.18,19  
In recent years, many groups have explored the spatial separation of the galvanic 
replacement reaction on a nanoscale surface for the fabrication of nanostructures with 
increasingly complex morphologies and compositions. To this end, Xia and coworkers 
observed the oxidation of Ag could be initiated from the {111} facets or corner sites of 
truncated Ag nanocubes when they were reacted with a Au(III) precursor in the presence 
of poly(vinylpyrrolidone) (PVP).13 They also reported the fabrication of Pd-Pt concave 
nanocubes through the galvanic replacement reaction between Pd nanocubes and a Pt(IV) 
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precursor.20 It was shown that the Br– ions in the reaction solution could selectively bind 
to and activate the {100} facets on Pd nanocubes, leading to the oxidation of Pd from the 
{100} facets or side faces for the deposition of Pt on the {111} facets or corners in an 
orthogonal manner. Liz-Marzan and coworkers reported a detailed analysis of the structural 
evolution of Ag nanocubes when they were reacted with HAuCl4 in an organic solvent, 
together with the use of Cl– ions.21 Using electron tomography, they were able to capture 
the generation of a small pinhole on the side faces of nanocubes at the early stage of a 
synthesis, confirming that the oxidation of Ag was also initiated from the side faces due to 
the selective binding of Cl– ions to the {100} facets.22, 23 As the reaction progressed, they 
revealed that the oxidation of Ag atoms was continued from the center of each side face for 
the generation of gradually enlarged holes while the resultant Au atoms were deposited on 
the other regions of a nanocube, leading to the generation of octahedral nanocages made 
of Ag-Au alloys. Furthermore, recent studies have demonstrated the site selectivity of the 
galvanic replacement reaction between Ag nanocubes and a Au(III) or Pd(II) precursor in 
the presence of Cl– ions, during which Ag oxidation occurred at the {100} facets of 
nanocubes for the deposition of Au or Pd atoms on the {110} and {111} facets and thus the 
formation of Ag@Ag-Au or Ag-Pd concave nanocubes.24, 25  
In addition to these studies involving the use of monometallic nanocrystals as 
templates with surface inhomogeneity associated with faceting and/or capping, bimetallic 
systems with spatially controlled distributions of elements were also explored in recent 
years.26,27 In one study, Skrabalak and coworkers used Ag-Pd dimers with a Janus structure 
as templates to react with various Au(III) precursors having different reduction potentials 
in the presence of PVP.26 They demonstrated that the replacement of Ag was more rapidly 
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than Pd, leading to the creation of Ag vacancies as the Au atoms were deposited on the Ag 
surface. Because some of the Ag vacancies would diffuse into Pd to generate a Ag-Pd alloy, 
the subsequent oxidation of Ag by the Au(III) precursor would progress on both Ag and Pd 
surfaces for the generation of Au-based alloys on both Ag and Pd regions.28 Wang and co-
workers leveraged the use of atomically intermixed AuCu3 and AuCu bimetallic 
nanoparticles as the sacrificial templates to react with a Au(III) precursor in an aqueous 
solution.27 They established that the compositional stoichiometry and structural ordering 
of the Au-Cu nanoparticles played two important roles in controlling the galvanic 
replacement reaction for the production of complex nanostructures through an interplay of 
dealloying,29-31 Kirkendall diffusion,18,32 and Ostwald ripening.33,34 
Despite the success in transforming mono- and bimetallic nanocrystals into hollow 
and/or porous nanostructures through galvanic replacement reactions, it remains a 
challenge to spatially confine the oxidation (dissolution) and reduction (deposition) 
reactions to different sites on the surface of a sacrificial template. In this chapter, I report a 
systematic study of the galvanic replacement reactions between various types of precursors 
and Ag@Ag-Au concave core-frame nanocubes, a newly developed template with well-
defined spatial distributions for Ag and Au on the surface (as discussed in Chapter 2)24. 
The replacement reactions were conducted by titrating the precursor into an aqueous 
suspension of the core-frame nanocubes under ambient conditions and in the presence of 
cetyltrimethylammonium chloride (CTAC). In an orthogonal manner, the oxidation of Ag 
was initiated and continued from all the side faces dominated by Ag atoms while the 
resultant metal atoms (e.g., Pt, Pd, or Au) were concurrently deposited along the edges 
enriched by Au atoms. By controlling the reaction stoichiometry involved, the core-frame 
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nanocubes were transformed into cage cubes with different compositions and hole sizes. 
For example, with the use of a Pt(IV) precursor such as H2PtCl6, Ag oxidation was initiated 
from the Ag-dominated regions located at the center of each side face, creating a cavity on 
each side face of the nanocube. Concomitantly, the Pt atoms derived from the reduction by 
Ag were deposited on the edges for the generation of a Ag@Ag-Au-Pt concave nanocube. 
As the reaction progressed, Ag oxidation was continued in the Ag-dominated region 
located on each side face rather than those regions where the Ag atoms had formed alloys 
with Au and/or Pt due to the difference in reduction potentials. Because one Pt atom would 
be produced at the expense of four Ag atoms during the replacement reaction, it was 
possible to carve away all Ag atoms from the side faces toward the center in a well-aligned, 
orthogonal manner. As a result, the Ag@Ag-Au-Pt concave nanocubes were transformed 
into nanoscale cage cubes made of a Ag-Au-Pt alloy. The same approach also works for 
other precursors, including Pt(II), Pd(II), and Au(III), albeit the size and exact location of 
the hole might vary due to the differences in stoichiometry and reduction potential. 
 
3.2 Experimental Section 
Chemicals. Ethylene glycol (EG) was ordered from J.T. Baker. Sodium hydrosulfide 
hydrate (NaSHxH2O), aqueous hydrochloric acid (HCl, 37 wt.%), poly(vinylpyrrolidone) 
(PVP) with an average molecular weight of 55000 (PVP-55k), silver trifluoroacetate 
(CF3COOAg, 99.99% trace metal basis), gold(III) chloride trihydrate (HAuCl4·3H2O, 
99.9% trace metal basis), chloroplatinic acid hexahydrate (H2PtCl6·6H2O, ACS reagent, 
37.50% Pt basis), iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O), potassium 
tetrachloroplatinate(II) (K2PtCl4, 99.9% trace metal basis), sodium tetrachloropalladate(II) 
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(Na2PdCl4, 99.99% trace metal basis), aqueous cetyltrimethylammonium chloride 
solution (CTAC, 25 wt.%), and L-ascorbic acid (H2Asc, 99%) were acquired from Sigma-
Aldrich (St. Louis, MO). Sodium hydroxide (NaOH, 98%) and acetone (HPLC grade, 
99.5+%) were obtained from Alfa Aesar. All chemicals were used as received. All aqueous 
solutions were prepared using deionized (DI) water with a resistivity of 18.2 MΩ·cm at 
room temperature. 
Synthesis of Ag Nanocubes. I synthesized Ag nanocubes with an average edge 
length of 40.5 ± 2.8 nm by following the published protocol.35 After washing the Ag 
nanocubes with acetone and water, once each, I re-dispersed them in water for storage. 
Synthesis of Ag@Ag-Au Core-frame Nanocubes. In a standard protocol, the 
reaction solution was prepared by mixing 2 mL of aqueous CTAC (0.1 M), 0.5 mL of 
aqueous H2Asc (0.1 M), and 0.5 mL of aqueous NaOH (0.2 M) under magnetic stirring at 
1150 rpm. Next, I added 23 µL of the aqueous suspension of Ag nanocubes into the reaction 
solution to attain a final particle concentration around 2.6×1011 particles/mL, followed by 
the titration of 0.4 mL or 0.8 mL of aqueous HAuCl4 (0.1 mM) using a syringe pump at a 
rate of 0.02 mL/min to prepare Ag@Ag-Au concave core-frame nanocubes, namely 
Ag@Ag-Au-4 and Ag@Ag-Au-8 nanocubes. After the titration was completed, I collected 
all the nanoparticles at 7200 rpm for 11 min, removed the supernatant, and re-dispersed 
them in 100 µL of water. 
Synthesis of the Ag@Ag-Au-Pt Concave Nanocubes and Ag-Au-Pt Cage Cubes. 
In a standard protocol, I added 100 µL of the as-prepared Ag@Ag-Au-4 or Ag@Ag-Au-8 
nanocubes into a reaction solution containing 2 mL of aqueous CTAC (0.1 M) and 1 mL of 
water under magnetic stirring at 1150 rpm. Next, I titrated different volumes of aqueous 
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H2PtCl6 (0.2 mM) using a syringe pump at a rate of 0.02 mL/min. After the desired volume 
had been reached, I left the reaction solution under magnetic stirring for about 30 min 
before the solid products were collected by centrifugation at 7200 rpm for 11 min. I washed 
the solid products with water twice before they were re-dispersed in 1 mL of water for 
further use. The same protocol was also applied to other types of precursors, including 
K2PtCl4, Na2PdCl4, HAuCl4, as well as Fe(NO3)3. In these cases, the concentrations and 
volumes are specified in the figure captions. In particular, HAuCl4 was added at a very 
slow titration rate of 0.0025 mL/min. 
Instrumentation and Characterization. The particles were collected using an 
Eppendorf 5430 centrifuge (Eppendorf North America, Hauppauge, NY). The UV-vis 
spectra were recorded using a Cary 60 spectrophotometer (Agilent Technologies, Santa 
Clara, CA). The metal contents were determined using a inductively-coupled plasma mass 
spectrometer (ICP-MS, NexION 300Q, PerkinElmer, Waltham, MA). Transmission 
electron microscopy (TEM) images were captured on a Hitachi HT7700 microscope 
(Tokyo, Japan) operated at 120 kV. Scanning electron microscopy (SEM) images were 
captured on a Hitachi SU8230 FE-SEM (Tokyo, Japan) operated at 20 kV. High-angle 
annular dark field scanning electron microscopy (HAADF-STEM) images were recorded 
on a Hitachi HD2700 Cs-corrected microscope operated at 200 kV. The energy-dispersive 
X-ray spectroscopy (EDS) detector on the HD2700 was used to generate an elemental 




3.3 Results and Discussion 
I followed my published protocol outlined in Chapter 2 to synthesize the Ag@Ag-
Au core-frame nanocubes that were comprised of a Ag core and a Ag-Au alloy frame.24 
Specifically, I titrated 0.4 mL and 0.8 mL of aqueous HAuCl4, respectively, into an aqueous 
suspension of Ag nanocubes in the presence of H2Asc, NaOH, and CTAC to generate two 
types of core-frame nanocubes, namely Ag@Ag-Au-4 and Ag@Ag-Au-8. They embraced 
different amounts of Ag in the core and different thicknesses for the Ag-Au frame, in 
addition to different degrees of concaveness on their side faces. I then used the core-frame 
nanocubes as sacrificial templates to react with a salt precursor such as H2PtCl6 in the 
presence of CTAC. Finally, I analyzed the products using electron microscopy and UV-vis 
spectroscopy to examine both the structural and compositional changes during the course 
of galvanic reaction. 
 
3.3.1 Proposed Mechanism for the Confined Drilling on the Side Faces of Ag Nanocubes 
Based on the Galvanic Replacement Reaction 
Figure 3.1 shows a plausible pathway for the gradual transformation of a Ag@Ag-
Au core-frame nanocube into a Ag@Ag-Au-Pt concave nanocube and then a Ag-Au-Pt 
cage cube through a galvanic replacement reaction. In the first step, Ag oxidation would 
preferentially start from the Ag-dominated regions located in the center of each side face 
to create a cavity while the resultant Pt atoms are deposited on the edges and corners of the 
nanocube, leading to the generation of a Ag@Ag-Au-Pt concave nanocube. As the galvanic 
reaction is continued, holes are continuously drilled in all side faces in an orthogonal but 




Figure 3.1. Schematic diagram illustrating the structural evolution of a Ag@Ag-Au core-
frame nanocube into a Ag@Ag-Au-Pt concave cube and a Ag-Au-Pt cage cube through a 
galvanic replacement reaction. 
 
followed by inter-diffusion and alloying with Ag and Au atoms. Once a thin layer of Ag-
Au-Pt alloy is formed on the surface, including the areas around but not inside the cavities, 
Ag oxidation can be confined to the center of each side face, making it possible to 
continuously remove all Ag in the core for the generation of a Ag-Au-Pt cage cube. There 
are some differences between the cases of Ag@Ag-Au-4 and Ag@Ag-Au-8 core-frame 
nanocubes. For example, in the latter case, the concaveness of the side faces is increased 
so it becomes much easier to drill through the core even in the early stage of a synthesis. 
On the other hand, the greater coverage of Au on the side faces of the core-frame nanocube 
will significantly reduce the area of the Ag-dominated region for a better confinement of 
Ag oxidation to the center of each side face, leading to the generation of cage cubes 
containing smaller through holes. 
 
3.3.2 Synthesis and Characterization of Ag-Au-Pt Cage Cubes 
In the first set of experiments, I examined the structural and compositional evolution 
of Ag@Ag-Au-4 nanocubes after they had reacted with different volumes of H2PtCl6 in the 
presence of CTAC by transmission electron microscopy (TEM). Figure 3.2A shows a TEM 
89 
image of the initial core-frame nanocubes, indicating slight concaveness on their side faces. 
At 0.1 mL of H2PtCl6, Figure 3.2B shows their transformation into more concaved 
nanostructures, primarily due to the preferential oxidation of Ag atoms by Pt(IV) precursor 
from the center of each side face. At 0.4 mL of H2PtCl6, Figure 3.2C shows a mixture of 




Figure 3.2. TEM images of (A) the Ag@Ag-Au-4 core-frame nanocubes prepared by 
reacting 0.4 mL of 0.1 mM aqueous HAuCl4 with Ag nanocubes and (B-D) the solid 
products obtained by further titrating different volumes of aqueous H2PtCl6 (0.2 mM) into 
the suspension in the presence of CTAC. The titration volumes were (B) 0.1, (C) 0.4, and 
(D) 1.2 mL, respectively. 
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that the oxidation rates of different side faces likely differed from each other due to the 
variations in terms of surface defect and coverage density of capping agent such as Cl− ions 
derived from CTAC. When the titration volume was increased to 1.2 mL, Figure 3.2D 
indicates that the product was consisted of cage cubes with orthogonal, well-aligned 
through holes, confirming that Ag oxidation was more or less confined to the center of each 
side face. 
To gain a better understanding of the onset of Ag oxidation on the side faces of 
Ag@Ag-Au core-frame nanocubes, I used scanning electron microscopy (SEM) and 
aberration-corrected high-angle annular dark-field scanning TEM (HAADF-STEM) to 
characterize the sample prepared with the addition of 0.1 mL of H2PtCl6 (i.e., the same 
shown in Figure 3.2B). Figure 3.3A shows SEM image of the sample, in which the cavities 
on the side faces could be easily identified. Figure 3.3B shows a HAADF-STEM image 
collected from one nanocube that was orientated along the <001> zone axis, confirming 
the presence of concaveness on the side faces. I also performed energy-dispersive X-ray 
spectroscopy (EDS) mapping on the same particle to resolve the spatial distributions of Ag, 
Au, Pt, and Cl elements. As shown in Figure 3.3, C-F, Ag followed the contour of the 
particle while both Au and Pt were largely confined to the edges and corners only. The 
signal of Pt was rather weak when compared with those of Ag and Au due to the limited 
amount of the deposited Pt. The Cl signal followed the trend of the Ag signal, suggesting 
that the CTAC-derived Cl− ions could selectively bind to the Ag{100} facets, consistent 
with other findings.22, 23 I also characterized the same particle by EDS line scanning 
analysis to better understand the spatial distributions of Ag, Au, and Pt elements. As shown 




Figure 3.3. (A) SEM image of the Ag@Ag-Au-Pt concave nanocubes as shown in Figure 
3.2B (inset scale bar is 40 nm) and (B) HAADF-STEM image of a single concave nanocube. 
(C-F) EDS mapping of the particle in (B), showing the signals from (C) Ag, (D) Au, (E) Pt, 
and (F) Cl, respectively. (G) HAADF-STEM image of the particle in (B) but with the raster 
angle rotated by 45 degrees and the corresponding EDS line-scan profiles of Ag, Au, and 
Pt, respectively.  
 
the concaveness on the side face. On the other hand, the line profiles of Au and Pt indicate 
that both Au and Pt atoms were concentrated on the edges and corners of the particle, 
leaving the side faces still dominated by Ag. Because Au cannot react with Pt(IV), I argue 
that the Au signal should reflect the original Au distribution on the surface of the Ag@Ag-
Au-4 nanocube, consistent with previous findings.24 Altogether, I believe that the galvanic 
replacement reaction was initiated through the oxidation of Ag from the Ag-dominated 
regions located at the center of each side face due to the selective binding of Cl– ions to 
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Ag{100} facets for the deposition of Pt on the edges and corners in an orthogonal manner 
for the generation of Ag@Ag-Au-Pt concave nanocubes. Based on the inductively-coupled 
plasma mass spectrometry (ICP-MS) analysis, these trimetallic concave nanocubes had an 
elemental composition of Ag86Au12Pt2. 
In the second set of experiments, I replaced the Ag@Ag-Au-4 nanocubes with 
Ag@Ag-Au-8 nanocubes to increase the thickness of the frames while keeping all other 
experimental conditions unchanged. Figure 3.4A shows SEM of the Ag@Ag-Au-8 
nanocubes, confirming more concaved side faces when compared with those Ag@Ag-Au-
4 nanocubes (see Figure 3.2A). With the addition of 0.1 mL of H2PtCl6, Figure 3.4B 
indicates the formation of small holes localized at the center of each side face, which was 
completely different from the product obtained by reacting the Ag@Ag-Au-4 nanocubes 
with the same amount of H2PtCl6 (see Figure 3.2B). As the reaction progressed to 0.4 mL 
of H2PtCl6, Figure 3.4C shows the formation of holes on most of the side faces in a non-
uniform manner, consistent with my previous observation (see Figure 3.2C). At 1.2 mL, 
Figure 3.4D indicates the formation of cage cubes containing orthogonal, well-aligned 
through holes.  
I further investigated the detailed structure and composition of the nanoframes shown 
in Figure 3.4D. Figure 3.5, A and B, shows SEM image of the sample and the HAADF-
STEM image of one nanoframe that was orientated along the <001> zone axis, respectively, 
confirming the highly open structure. Figure 3.5, C-F, shows the spatial distributions of Ag, 
Au, Pt, and Cl, respectively, in the nanoframe. Again, the Ag signal overlapped with the 
profile of the particle while the Au signal was predominantly distributed at the edges and 




Figure 3.4. TEM images of (A) the Ag@Ag-Au-8 core-frame nanocubes prepared by 
reacting 0.8 mL of aqueous HAuCl4 (0.1 mM) with Ag nanocubes, and (B-D) the products 
obtained by titrating different volumes of aqueous H2PtCl6 (0.2 mM) into the as-obtained 
suspension of Ag@Ag-Au-8 nanocubes in the presence of CTAC. The titration volumes 
were (B) 0.1, (C) 0.4, and (D) 1.2 mL, respectively. 
 
the entire surface of the particle. Figure 3.5G shows the corresponding EDS line profiles 
of Ag, Au, and Pt, respectively. It was found that the Au signal was mostly distributed on 
the edges and corners with an extension toward the center of the particle, supporting my 
argument that more Au was deposited on the side faces of the Ag@Ag-Au-8 nanocubes 
than the Ag@Ag-Au-4 nanocubes. On the other hand, the Ag signal was rather weak due 




Figure 3.5. (A) SEM image of the Ag-Au-Pt cage cubes as shown in Figure 3.4D (inset 
scale bar is 40 nm) and (B) HAADF-STEM image of a single cage cube. (C-F) EDS 
mapping of the particle in (A), showing the signals from (C) Ag, (D) Au, (E) Pt, and (F) 
Cl, respectively. (G) HAADF-STEM image of the same particle in (A) but with the raster 
angle rotated by 45 degrees and the corresponding EDS line-scan profiles of Ag, Au, and 
Pt, respectively. 
 
the Au line profile, suggesting the deposition of Pt on the Au-enriched regions on the 
particle during the galvanic reaction. There was a thin layer Pt around the holes, together 
with Au and Ag, making the alloy regions less reactive toward Ag oxidation from these 
areas. As marked by two orange dotted lines, there was essential very little signals for Ag, 
Au, and Pt inside the hole, indicating the Ag drilling process indeed penetrated through the 
entire thickness of the particle. The diameter of the hole was estimated to be around 25 nm. 
The ICP-MS data gave a composition of Ag73Au23Pt4 for the trimetallic cage cubes. 
95 
Our TEM results demonstrate that both Ag@Ag-Au-4 and Ag@Ag-Au-8 nanocubes 
could be transformed into cage cubes made of Ag-Au-Pt alloy through a galvanic 
replacement reaction. I further used UV-vis spectroscopy to follow the reaction in an 
attempt to reveal the subtle differences arising from the difference in Au distribution on the 
surface of the Ag@Ag-Au nanocubes because the localized surface plasmon resonance 
(LSPR) properties of Ag-Au alloy nanocrystals are extremely sensitive to the change from 
solid to hollow nanostructures.36, 37 Figure 3.6A shows UV-vis spectra of the Ag@Ag-Au-
4 nanocubes before and after reacting with 0.1, 0.4, and 1.2 mL of H2PtCl6, respectively. It 
was found that the major LSPR peak of the Ag@Ag-Au-4 nanocubes was located at 471 
nm, together with a narrow bandwidth. After reacting with 0.1 mL of H2PtCl6, the peak 
was red-shifted to 492 nm, with a slight decrease in peak intensity and a little broadening 
in peak width, attributing to the concave morphology of nanocrystals. At 0.4 mL, the LSPR 
peak was further red-shifted to 541 nm, together with a drastic decrease in peak intensity 
and a significant broadening in peak width, due to the emergence of cavities on the side 
faces of the nanocubes. At 1.2 mL, the LSPR peak became extremely weak and broad, with 
the peak position shifted to 813 nm, corresponding to the formation of Ag-Au-Pt cage cubes. 
In comparison, Figure 3.6B shows UV-vis spectra of Ag@Ag-Au-8 nanocubes before 
and after reacting with 0.1, 0.4, 1.2 mL of H2PtCl6, respectively. The nanocubes exhibited 
a major peak at 490 nm because of more concaveness on the side faces. At 0.1 mL of 
H2PtCl6, the LSPR peak was red-shifted to 517 nm, together with an increase in peak width 
and a decrease in peak intensity. These LSPR characteristics would be attributed to the 
formation of cavities, consistent with the TEM results (see Figure 3.4B). As the volume of 




Figure 3.6. (A) UV-vis spectra of the Ag@Ag-Au-4 nanocubes before and after reacting 
with different volumes of aqueous H2PtCl6 (0.2 mM). (B) UV-vis spectra of the Ag@Ag-
Au-8 nanocubes before and after reacting with different volumes of aqueous H2PtCl6 (0.2 
mM). 
 
shifted to 595 and 679 nm, respectively, together with a shoulder peak at 500 nm. These 
results indicate that the two final products would consist of two populations, consistent 
with the TEM images (see Figure 3.4, C and D). It is worth mentioning that, after reacting 
the Ag@Ag-Au-8 nanocubes with 1.2 mL H2PtCl6, the major peak position was located at 
679 nm, while the peak was positioned at 813 nm after reacting the Ag@Ag-Au-4 
nanocubes with the same amount of H2PtCl6. Although there is little difference in the TEM 
images shown in Figures, 3.2D and 3.4D, my UV-vis data suggest that the holes were better 
confined to the center of the cubes derived from the Ag@Ag-Au-8 nanocubes than those 
derived from Ag@Ag-Au-4. Taken together, I believe that the amount of Ag located in the 
core of the Ag@Ag-Au core-frame nanocubes, together with the distribution of Au on the 
surface of a cubic template, could direct the galvanic replacement reaction to produce either 
Ag@Ag-Au-Pt concave nanocubes or Ag-Au-Pt cage cubes, respectively.  
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I also argue that the drilling of Ag could become efficient by complementing Ag 
oxidative etching at the center of each side face of a nanocube with the deposition of Pt 
atoms onto the edges and corners in an orthogonal manner. To support my hypothesis, I 
performed another set of experiments by replacing H2PtCl6 with Fe(NO3)3 in the standard 
protocol while leaving other parameters unchanged. Different from the galvanic 
replacement reaction with Pt(IV) during which one Pt would be produced at the expense 
of four Ag atoms for its deposition on the template, the reaction with Fe(NO3)3 would 
produce one Fe(II) ion at the expense of one Ag and thus leave this ion in the reaction 
solution. Figure 3.7A shows the UV-vis spectra of the Ag@Ag-Au-8 nanocubes before and 
after reacting with 0.2, 0.4, 1.2, and 2.8 mL of 0.2 mM Fe(NO3)3, respectively. I noticed 
that the major LSPR peak of the Ag@Ag-Au-8 nanocubes was only shifted from 490 nm 
to 503 nm at the end of titration process, which is completely different from results obtained 
from the use of 0.2 mM H2PtCl6 (see Figure 3.5B). Figure 3.7B shows the TEM image of 
the final product with some cavities on the surface of the concave nanocubes, indicating 
that the etching of Ag was rather slow. In order to increase the etching rate, I increased the 
concentration of Fe(NO3)3 from 0.2 to 0.8 mM. Under this condition, Figure 3.7C shows 
that the major LSPR peak of the Ag@Ag-Au-8 nanocubes was shifted from 490 to 494, 
513, 534, and 540 nm at the titration volume of 0.4, 1.2, 2.8, and 4.0 mL, respectively. 
Although Figure 3.7D shows the formation of small holes localized at the center of 
nanocubes in the sample prepared by 4.0 mL of Fe(NO3)3 (0.8 mM), this morphology is 
still very different from the cage cube nanostructures produced from the reaction of 
Ag@Ag-Au-8 nanocubes with 1.2 mL of H2PtCl6 (0.2 mM) (see Figure 3.3C). Altogether, 
I conclude that it would be difficult to use Fe(NO3)3 to remove Ag uniformly from the Ag- 
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Figure 3.7. (A) UV-vis spectra of the Ag@Ag-Au-8 nanocubes before and after reacting 
with different volumes of aqueous Fe(NO3)3 (0.2 mM). (B) TEM image of the sample 
prepared by reacting 2.8 mL of aqueous Fe(NO3)3 (0.2 mM) with Ag@Ag-Au-8 nanocubes. 
(C) UV-vis spectra of the Ag@Ag-Au-8 nanocubes before and after reacting with different 
volumes of aqueous Fe(NO3)3 (0.8 mM). (D) TEM image the sample prepared by reacting 
4.0 mL of aqueous Fe(NO3)3 (0.8 mM) with the Ag@Ag-Au-8 nanocubes. 
 
dominated regions of Ag@Ag-Au nanocubes for the generation of cage cube 
nanostructures through galvanic replacement reaction. Part of the challenges arises from 
the delocalized carving of Ag across the entire surface of Ag@Ag-Au nanocubes during 
the reaction, suggesting that the deposition of a third metal such as Pt on the template could 
help confining the oxidative etching of Ag at the center more effectively. 
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3.3.3 Synthesis of Ag-Au-M Cage Cubes 
I further extended the same strategy to the production of cage cubes with holes in 
different sizes by reacting the Ag@Ag-Au-8 nanocubes with other types of salt precursors, 
including K2PtCl4, Na2PdCl4, and HAuCl4. In these experiments, I followed the standard 
protocol except for the replacement of H2PtCl6 with another precursor. It is worth 
acknowledging that the reaction between the Ag@Ag-Au-8 nanocubes and H2PtCl6 was 
rather slow. For example, with the titration of 1.2 mL H2PtCl6 (0.2 mM), my ICP-MS 
analysis indicated that 71% of the Pt(IV) would remain in the reaction solution at the time 
point of 30 min. Figure 3.8A gives UV-vis spectra of the sample before and after the 
reaction had progressed for 240 min. It was found that the LSPR peak of the Ag@Ag-Au 
nanocubes was further red-shifted to 736 nm when compared with the peak located at 679 
nm (Figure 3.6B). Figure 3.8B shows a TEM image of the product, implying the 
transformation of the Ag@Ag-Au nanocubes into nanocages. In comparison, the reaction  
 
 
Figure 3.8. (A) UV-vis spectra of Ag@Ag-Au-8 nanocubes before and after reacting with 




between the Ag@Ag-Au-8 nanocubes with other precursors would complete within 30 min 
because the UV-vis spectra showed almost no change beyond this time point. Under this 
circumstance, I titrated smaller volumes of the new precursors into the reaction solution. 
Figure 3.9A shows UV-vis spectra of Ag@Ag-Au-8 nanocubes before and after 
reacting with 0.2 mL K2PtCl4 (0.2 mM), from which I observed the red-shift of the major 
LSPR peak from 490 to 515 nm. Figure 3.9B gives a TEM image of the product that 
includes some cage cubes with relatively small holes in the center. Because one Pt atom 
was generated at the expense of two Ag atoms during the galvanic replacement between 
Ag and Pt(II) precursor, I argue that the carving of Ag would become less efficient, leading 
to the formation of smaller holes. When the titration volume was increased from 0.2 to 0.4 
mL, I noticed that the major LSPR peak was shifted from 490 to 511 nm (Figure 3.10A), 
similar to the trend shown in Figure 3.8A. As shown by the TEM image in Figure 3.10B, 
Ag was also removed from regions other than the center for the formation of pits on the 
side faces of a nanocube. Different from H2PtCl6, K2PtCl4 could react with Ag in the Ag-
Pt alloy region through galvanic replacement reaction, making it more difficult to confine 
the drilling of Ag to the center of each side face.  
When I replaced the Pt(II) with a Pd(II) precursor such as Na2PdCl4, Figure 3.9C 
shows UV-vis spectra of the Ag@Ag-Au-8 nanocubes before and after reacting with 0.2 
mL Na2PdCl4 (0.2 mM), indicating more significant red-shift of the major LSPR peak from 
489 to 574 nm. Figure 3.9D shows a TEM image of the product, revealing the generation 
of cage cubes with holes larger than those derived from K2PtCl4. Such a change could be 
attributed to the difference in reduction potential between these two precursors. As the 
titration volume was increased to 0.4 mL, the LSPR peak was further shifted to 628 nm 
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Figure 3.9. (A) UV-vis spectra of the Ag@Ag-Au-8 nanocubes before and after reacting 
with 0.2 mL of aqueous K2PtCl4 (0.2 mM). (B) TEM image of the product. (C) UV-vis 
spectra of the Ag@Ag-Au-8 nanocubes before and after reacting with 0.2 mL of aqueous 
Na2PdCl4 (0.2 mM). (D) TEM image of the product. (E) UV-vis spectra of the Ag@Ag-
Au-8 nanocubes before and after reacting with 0.12 mL of aqueous HAuCl4 (0.2 mM). (F) 
TEM image of the product. 
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Figure 3.10. (A) UV-vis spectra of Ag@Ag-Au-8 nanocubes before and after reacting with 
0.4 mL K2PtCl4 (0.2 mM). (B) TEM image of the product. (C) UV-vis spectra of the 
Ag@Ag-Au-8 nanocubes before and after reacting with 0.4 mL of aqueous Na2PdCl4 (0.2 
mM). (D) TEM image of the product. (E) UV-vis spectra of the Ag@Ag-Au-8 nanocubes 
before and after reacting with 0.24 mL of aqueous HAuCl4 (0.2 mM). (F) TEM image of 
the product. 
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(Figure 3.10C). The TEM image in Figure 3.10D indicates the formation of nanoframes 
with rough edges. I also conducted an experiment with HAuCl4 for the generation of bi-
metallic cage cubes. Because Au(III) is very easy to be reduced and the galvanic 
replacement reaction would produce one Au at the expenses of three Ag atoms, I used a 
smaller titration volumes and a slower titration rate. Figure 3.9E shows UV-vis spectra of 
the Ag@Ag-Au-8 nanocubes before and after reacting with 0.12 mL HAuCl4 (0.2 mM). It 
was found that the LSPR peak was changed from 491 to 538 nm. Based on the TEM image 
in Figure 3.9F, cage cubes were also obtained. As the titration volume was increased to 
0.24 mL, the LSPR peak was further shifted to 586 nm (Figure 3.10E). The TEM image in 
Figure 3.10F indicates the formation of pits on the side faces of a nanocube. Similar to the 
case of Pt(II), Au also inter-diffuse with Ag for the formation of a Ag-Au alloy. Taken 
together, my results suggest that it is possible to tailor the experimental conditions such as 
the concentration of the precursor and the titration rate to optimize the galvanic 
replacement reaction or the generation of cage cubes. The size of holes would strongly 
depend on the stoichiometry involved, as well as the reduction potential of the precursor. 
 
3.4 Conclusions 
In summary, I developed a facile route to the generation of multi-metallic cage cubes 
by drilling through all the side faces of Ag nanocubes. This success relies on the use of 
Ag@Ag-Au core-frame nanocubes with Ag in the core and Ag-Au alloy frames along the 
corners and edges of a nanocube to confine the drilling of Ag to the center of each side face, 
and ultimately to align the intersected holes with the center of the nanocube. In a typical 
protocol, I dispersed Ag@Ag-Au core-frame nanocubes in an aqueous solution containing 
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CTAC, followed by the titration of an aqueous solution of a salt precursor such as H2PtCl6, 
K2PtCl4, Na2PdCl4, or HAuCl4 under ambient conditions. Depending on the stoichiometry 
and reduction potential of the salt precursor, a simple galvanic replacement reaction 
between the Ag@Ag-Au nanocubes and the precursor could produce multi-metallic cage 
cubes with holes of different sizes. At the early stage of a synthesis, because the Cl− ions 
derived from CTAC could bind selectivity toward the Ag(100) surface, the oxidation of Ag 
would preferentially started from the Ag-dominated regions located at the center of each 
side face of a nanocube for the creation of a cavity while the resultant metal atoms are 
deposited on the edges and corners in an orthogonal manner. As the Ag atoms are removed 
from the side faces in the form of Ag(I) ions for the generation of other metals followed by 
their deposition on the edges and corners of nanocubes, I could achieve the continuous 
carving of Ag atoms from the center of a core-frame nanocube for its ultimate 
transformation into a cage cube enclosed by a Ag-Au-Pt, Ag-Au-Pd, or Ag-Au alloy, 
together with three orthogonal, intersected holes. 
 
3.5 Notes to Chapter 3 
This chapter was adapted from the manuscript “Fabrication of Nanoscale Cage 
Cubes by Drilling Orthogonal, Intersected Holes through All Six Side Faces of Ag 
Nanocubes,” under revision for publication in Chemistry of Materials.38 
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CHAPTER 4. ORTHOGONAL DEPOSITION OF AU ON 
DIFFERENT FACETS OF AG CUBOCTAHEDRA FOR THE 




As it has been extensively discussed in previous chapters that the morphology of 
noble metal nanocrystals (such as concave or hollow features) serves as a key parameter in 
determining their properties, it is also very important to consider the particular roles played 
by the different facets present on the surface of noble metal nanocrystals for their 
applications in plasmonics and catalysis,1-4 In particular, it is well-established that the 
distinctive activity and selectivity of metal nanocrystals in catalytic reactions explicitly 
depend on the arrangment of atoms situated on the outermost layer of different facets.5-8 In 
the past, there has been a growing effort in the rational design and synthesis of metal 
nanocrystals with well-defined facets. Among those, seed-mediated growth of metal 
nanocrystals has shown remarkable success in offering a fine control over the geometry of 
the products by directly depositing the atoms on the facets of preformed seeds.9-11 It is well 
known that the introduction of ligands into the growth solution could facilitate their 
selective chemisorption on different types of facets due to the differences in the binding 
affinity,12 making it possible to manuever the growth rates on different facets and thus 
control the relative surface areas of different facets on the final products.13, 14 For example, 
Xia and co-workers demonstrated the transfomration of Ag nanocubes into cuboctahedra 
by introducing citrate in a reaction solution to bind on the {111} facets of Ag nanocubes.15 
It was found that the Ag atoms would be preferentially deposited on the {100} facets to 
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accelerate their growth along <100> directions, leading to the evolution of a cube into a 
cuboctahedron. Another study reported the reversible transformation between Ag 
nanoplates and Ag twinned cubes, elucidating the role of Cl− ions in deterring the 
deposition and etching of Ag atoms along the <100> direction and allowing the deposition 
and etching along the <111> direction.16, 17 Recently, Mirkin and co-workers demonstrated 
the generation of Au octahedra with hollow features by stabilizing the {111} facets of Au 
concave cubes through the underpotential deposition (UPD) of Ag+ ions,18 during which 
the growth of Au occured almost exclusively on the corners of the cubic seeds. On the other 
hand, many groups have demonstrated the generation of bimeallic core-frame and core-
shell nanocrystals by selectively depositing the metal on the small areas of edges and the 
entire surfaces of preformed nanocrystal seeds with the involvement of different ligands in 
the reaction solutions.19-25 Despite remarkable success, the previous studies involve the use 
of nanocrystal seeds, such as cubes, plates, and octahedra, with a single type of facets on 
their surfaces. 
In this Chapter, I document the facet-selected, orthogonal deposition of Au on Ag 
cuboctahedra enclosed by a mix of {100} and {111} facets at a ratio of about 1:1.7 in terms 
of surface area. In a typical synthesis, I dispersed Ag cuboctahedra in an aqueous solution 
containing ascobic acid (H2Asc), NaOH, poly(vinylpyrrolidone) (PVP) or 
cetyltrimethylammonium chloride (CTAC). This success relies on the use of PVP or CTAC 
to instigate the Ag oxidation on the {111} or {100} facets, respectively, making it possible 
to control the deposition pathways for Au atoms on the {100} or {111} facets in the 
orthongal manner for the generation of Ag@Au{100} cuboctahdra or Ag@Ag-Au{111} 
concave cuboctahedra. When the Ag in the core is subjected to removal by etching, I 
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demonstrate the transformation of solids into Ag-Au{100} or Ag-Au{111} cuboctahedral 
nanoboxes with complementary surfaces. 
 
4.2 Experimental Section 
Chemicals. Ethylene glycol (EG) was purchased from J. T. Baker. Silver 
trifluoroacetate (CF3COOAg, 98%), gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9+%), 
sodium hydrosulfide hydrate (NaHS·xH2O), poly(vinylpyrrolidone) (PVP) with an average 
molecular weight of 29,000 (PVP–29) or 55,000 (PVP–55), aqueous hydrochloric acid 
(HCl, 37 wt. %), acetone (99.5+%), L-ascorbic acid (H2Asc, 99%), sodium citrate tribasic 
dihydrate (citrate, 99.0+%), silver nitrate (AgNO3, 99.0+%), aqueous 
cetyltrimethylammonium chloride solution (CTAC, 25 wt.%), and aqueous hydrogen 
peroxide (H2O2, 30wt.%), 4-nitrophenol (4-NP), and sodium borohydride (NaBH4, 99.99%) 
were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH, 98%) and acetone (HPLC 
grade, 99.5+%) were obtained from Alfa Aesar. All chemicals were used as received. All 
the aqueous solutions were prepared using DI water with a resistivity of 18.2 M·cm at 
25 °C. 
Synthesis of Ag nanocubes. I followed the protocol reported by Xia and co-workers 
for the synthesis of Ag nanocubes with an average edge length of 38.1 ± 2.0 nm.26 The as-
obtained Ag nanocubes were washed with acetone and DI water twice and then dispersed 
in water for further use. 
Synthesis of Ag cuboctahedra. I used the as-obtained Ag nanocubes as seeds to 
grow Ag cuboctahedra.15 In a typical process, 34 µL of the aqueous suspension of Ag 
nanocubes (approximately 7.10 × 1010 particles per mL) was injected into an aqueous 
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solution in a 23-mL glass vial containing 5 mL of PVP-55 (2 mg/mL), 100 µL of H2Asc 
(0.1 M), and 50 µL of citrate (20 mM) l under magnetic stirring at room temperature. Next, 
I used a syringe pump to titrate 1.5 mL of aqueous AgNO3 (1 mM) into the reaction solution 
at a rate of 5 mL/h. Upon the completion of titration, the mixture was centrifuged at 1000 
rpm for 10 min to precipitate out the larger random particles before the supernatant was 
centrifuged at 8000 rpm for 10 min to collect the solids. Finally, the as-prepared 
nanocrystals were washed with water twice before they were re-dispersed to 100 µL of 
water for further use. The Ag cuboctahedra had an average edge length of 47.2 ± 2.2 nm. 
Synthesis of Ag@Au{100} cuboctahedra. In a typical process, 2 mL of aqueous PVP-
29 (1 mM) was placed in a 23-mL glass vial, followed by the addition of 0.5 mL of aqueous 
H2Asc (0.1 M), 0.5 mL of aqueous NaOH (0.2 M), and 30 µL of an aqueous suspension of 
the Ag cuboctahedra (approximately 4.23 × 1010 particles per mL) under magnetic stirring 
at room temperature. Next, I introduced 0.4 mL of aqueous HAuCl4 (0.1 mM) into the 
reaction solution using a syringe pump at an injection rate of 1 mL/min. After the 
completion of titration, the reaction solution was left undisturbed for 5 min before I 
collected the solid products by centrifugation at 6300 rpm for 10 min and then washed with 
water three times prior to characterization. 
Synthesis of Ag-Au{100} cuboctahedral nanoboxes. I mixed 50 µL of the as-
prepared Ag@Au{100} cuboctahedra with 50 µL of aqueous NaCl (10 mM), followed by 
the addition of 0.7 mL of PVP-29 (1 mM) and 0.3 mL of H2Asc (0.1 M) at room 
temperature. After 20 min of treatment, I collected the particles by centrifugation at 5000 
rpm for 15 min, washed with water once, and then introduced the particles into 1 mL of 3% 
aqueous H2O2 at room temperature. After 3 h, the hollow particles were collected by 
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centrifugation at 13000 rpm for 10 min, washed with water twice, and then re-dispersed in 
50 µL of water for both characterization and evaluation of catalytic properties. 
Synthesis of Ag@Ag-Au{111} concave cuboctahedra. In a typical process, I placed 
2 mL of aqueous CTAC (0.1 M) to a 23-mL glass vial, followed by the addition of 0.5 mL 
of aqueous H2Asc (0.1 M), 0.5 mL of aqueous NaOH (0.2 M), and 30 µL of an aqueous 
suspension of the Ag cuboctahedra (approximately 4.23 × 1010 particles per mL) under 
magnetic stirring at room temperature. Next, I titrated 0.8 mL of aqueous HAuCl4 (0.1 mM) 
into the reaction solution using a syringe pump at a rate of 0.02 mL/min. Immediately after 
the titration, I collected the particles by centrifugation at 4800 rpm for 11 min and washed 
with water once for characterization and further use. 
Synthesis of Ag-Au{111} cuboctahedral nanoboxes. I dispersed 50 µL of the as-
prepared Ag@Au{111} cuboctahedra in 1 mL of 3% aqueous H2O2 for etching at room 
temperature. After 3 h of etching, I collected the particles by centrifugation at 13000 rpm 
for 10 min, washed with water twice, and then re-dispersed them in 50 µL of water for the 
characterization and evaluation of catalytic properties. 
Catalytic characterization of Ag-Au{100} and Ag-Au{111} nanoboxes. In a typical 
experiment, 2 mL of aqueous 4-NP (0.2 mM), 5 mL of water, and 1 mL of aqueous NaBH4 
(10 mg/mL, freshly prepared, ice cold) were added into a 23-mL glass vial under magnetic 
stirring. After the introduction of the nanoboxes (~1011 particles), I monitored the reaction 
as a function of time by withdrawing 0.5 mL of the reaction solution to collect the UV-vis 
spectrum at each time point. 
Instrumentation and characterization. The UV-vis spectra were collected using a 
Cary 50 spectrometer (Agilent Technologies, Santa Clara, CA). The UV-vis-NIR spectra 
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were collected using a LAMDA 750 (PerkinElmer, Waltham, MA). The nanoparticles in 
an aqueous suspension were collected using a conventional centrifuge (Eppendorf 5430). 
The pH values of aqueous solutions were measured using a FE20 FiveEasy pH meter 
(Mettler Toledo, Columbus, OH). The quantitative measurement of Ag and Au contents in 
the nanocrystals was performed using an inductively coupled plasma mass spectrometer 
(NexION 300Q ICP-MS, PerkinElmer, Waltham, MA). Transmission electron microscopy 
(TEM) images were captured using Hitachi HT7700 (Tokyo, Japan) operated at 120 kV. 
Scanning electron microscopy (SEM) images were captured with the Hitachi SU8230 FE-
SEM (Tokyo, Japan) operated at 15-20 kV. High-angle annular dark field scanning electron 
microscopy and elemental mapping images were captured using the Hitachi HD2700 Cs-
corrected STEM (Tokyo, Japan) operated at 200 kV. 
 
4.3 Results and Discussion 
4.3.1 Orthogonal Deposition Controlled by PVP or CTAC 
Figure 4.1 illustrates two proposed pathways responsible for the orthogonal 
deposition of Au on the {100} or {111} facets, respectively, of a Ag cuboctahedron for the 
generation of a Ag-Au{100} or a Ag-Au{111} cuboctahedral nanobox. In a typical synthesis, 
I dispersed Ag cuboctahedra in an aqueous mixture containing H2Asc, NaOH (at an initial 
pH of 11.2), and either PVP or CTAC, followed by the titration of aqueous HAuCl4 using 
a syringe pump at room temperature. Under an alkaline condition, H2Asc would be 
neutralized into ascorbic monoanion (HAsc–),27 a true reducing agent. Based on our 
previous study,28 we argue that the Ag atoms on the {111} facets would be initially oxidized 




Figure 4.1. Schematic diagram that illustrates the two orthogonal pathways for the 
deposition of Au on Ag cuboctahedra in the presence of PVP and CTAC, respectively, 





on the {100} facets (or the edges). With the involvement of NaOH in the solution, the 
resultant Ag(I) ions would react with OH– for the formation of Ag2O on the {111} facets, 
prohibiting the underlying Ag from further reacting with Au(III) ions. From this time point, 
the Au(III) ions would be reduced by HAsc– to produce more Au atoms for this subsequent 
deposition onto the {100} facets conformally.29 Likely, some of the newly deposited Au 
atoms could migrate to the Ag2O passivated {111} faets through surface diffusion.
30 At the 
end, a Ag cuboctahedron is transformed into a Ag@Au{100} cuboctahedron with the 
inclusion of some Au atoms on the Ag2O regions at the {111} facets. Because Ag2O layer 
can be dissolved in a weak acid,31 we treated the as-obtained products with H2Asc and then 
etched the Ag from the core with aqueous H2O2, leading to the conversion of the 
Ag@Au{100} cuboctahedron into a Ag-Au{100} cuboctahedral nanobox encased by {100} 
facets. It is worth noting that some NaCl was added during the weak acid treatment to 
increase the solubility of Ag2O for an efficient dissolution of the Ag2O layer.
32 
In comparison, when the PVP in the reaction solution is replaced by CTAC, the Cl− 
ions derived from CTAC could strongly interact with the {100} facets, as reported by 
others.33 In this case, the oxidation of Ag by Au(III) would be initiated on the {100} facets, 
which is orthogonal to what is involved in the PVP-based synthesis.34 Additionally, the 
dissolved Ag(I) ions would form soluble AgCl2
− ions rather than react with OH– to produce 
Ag2O, due to the excessive amount of the Cl
− ions invovled in the reaction soluton.35 As a 
consequence, both the AgCl2
− and Au(III) ions would be co-reduced by HAsc− into Ag and 
Au atoms, respectively, for their co-deposition onto the Ag cuboctahedra. Because the {100} 
facets are involved in the oxidation of Ag, I argue that the co-deposition of Au and Ag 
atoms would be mainly confined to the {111} facets. As HAuCl4 is titrated into the reaction 
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solution, more and more Ag atoms would be carved away from the {100} facets, leading 
to the generation of a Ag@Ag-Au{111} concave cuboctahedron. After the etching of Ag 
from the core with aqueous H2O2, Ag-Au{111} cuboctahedral nanoboxes covered by {111} 
facets will be obtained. 
 
4.3.2 Deposition of Au on {100} Facets with the Involvement of PVP 
In a typical synthesis, I first produced the Ag nanocubes with an average edge length 
of 38.1 ± 2.0 nm (Figure 4.2A).26 The as-obtained Ag nanocubes were then used as seeds 
to generate Ag cuboctahedra with an average edge length of 47.2 ± 2.2 nm (Figure 4.2B).15 
In one set of study, I dispersed the Ag cuboctadedra in an aqueous solution containing 
H2Asc, NaOH, and PVP, followed by the titration of aqueous HAuCl4 (0.1 mM) at an initial 




Figure 4.2. SEM images of (A) Ag nanocubes with an average edge length of 38.1 ± 2.0 
nm and (B) Ag cuboctahedra with an average edge length of an average edge length of 47.2 
± 2.2 nm. 
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product prepared by adding 0.4 mL of HAuCl4. Figure 4.3B shows an aberration-corrected 
high-angle annular dark-field scanning TEM (HAADF-STEM) image of a single 
cuboctahedron taken from the sample in Figure 4.3A. When aligned along the <001> zone 
axis, I could easily resolve the distinctive contrast between the bright region at the center 
and the darker regions at the four corners, which correspond to the {100} and the {111} 
facets of the cuboctahedron, respectively. Because the heavier Au atoms (which contribute 
to the mass contrast) were located on the {100} facets that are parallel with the zone axis, 
I observed brigher contrast at the four edges. I also performed energy dispersive X-ray 
spectroscopy (EDS) mapping on the same cuboctahedron to confirm the spatial distribution 
of each element. Figure 4.3, C and D, shows the elemental mapping of Ag and Au, 
respectively. I noticed that more signals from Ag were distributed at the center face than at 
the four corners, consistent with the thickness contrast of a cuboctahedron along the <001> 
zone axis. On the other hand, the signals from Au were mainly localized to the center face 
and the four edges but not at the four corners. The Au distribution coincides with the 
presence of four edges that appear brighter on the HAADF-STEM image in Figure 4.3B, 
confirming the deposition of onto the {100} and {110} surfaces. Unfortunately, we were 
not able to characterize the Ag2O layer underneath the Au by STEM and EDS. Figure 4.3, 
E and F, shows the TEM and SEM images of the final nanoboxes, from which I clearly 
observed the formation of {100} facets. Because all facets are well connected in a nanobox, 
I argue that Au deposition would also occur on the {110} facets of the Ag cuboctahedra, 
serving as the vertices of cuboctahedral nanoboxes. Using inductively coupled plasma 
mass spectroscopy (ICP-MS), I determined that the Ag-Au{100} nanoboxes were made of a 




Figure 4.3. (A) TEM image of the as-prepared Ag@Au{100} cuboctahedra. (B) HAADF-
STEM image of one nanocrystal that was orientated along the <001> zone axis. (C, D) 
EDS mapping of the same nanocrystal (green: Ag; red: Au). (E) TEM and (F) SEM images 
of the resultant Ag-Au{100} cuboctahedral nanoboxes after the removal of Ag.  
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4.3.3 Deposition of Au on {111} Facets with the Involvement of CTAC 
By replacing the PVP with CTAC while keeping all other parameters the same, Figure 
4.4A shows a TEM image of the products obtained after the titration of 0.8 mL of HAuCl4. 
Figure 4.4B shows a HAADF-STEM image of one nanoparticle taken from the sample in 
Figure 4.4A. The particle was oriented along the <001> zone axis, confirming the concave 
features on the {100} facets of the cuboctahedron due to the removal of Ag from these 
facets. As shown in Figure 4.4, C and D, the EDS elemental mapping of Ag and Au of the 
same nanoparticle indicates that the Ag signals were more intense in the center region 
within the concave perimeter while the Au signals were located at the edges, especially 
more so toward the four corners, suggesting the predominant deposition of Au on the {111} 
facets with very few on the {100} facets. Figure 4.5A shows a HAADF-STEM image of 
another nanoparticle oriented along the <111> zone axis, showing a brighter contrast at the 
{111} facet due to the thickness contrast. In addition, the three {100} surfaces situated at 
120° angles from each other show a darker contrast, revealing their concavity. As shown 
by the EDS mapping in Figure 4.5B, the Ag signals are more intense at the center, generally 
following the contrast distribution in Figure 4.5A. Figure 4.5C shows that the Au signals 
are somewhat localized at the edges, which reflects the presence of Au atoms on the {111} 
facets. Away from the edges, the Au signals seem to be spread out across the particle 
because of the contribution of Au signals from the three {100} facets at the bottom of the 
cuboctahedron. After the etching of Ag from the core with aqueous H2O2, Figure 4.4, E and 
F, shows TEM and SEM images of the resultant nanoboxes enclosed by {111} facets, 
respectively, indicating that the {100} facets of concave cuboctadera would be covered by 




Figure 4.4. (A) TEM image of the as-prepared Ag@Ag-Au{111} concave cuboctahedra. (B) 
HAADF-STEM image of one nanocrystal that was orientated along the <001> zone axis. 
(C, D) EDS mapping of the same nanocrystal (green: Ag; red: Au). (E) TEM and (F) SEM 




Figure 4.5. (A) HAADF-STEM image of one Ag@Ag-Au{111} concave cuboctahedron that 
was orientated along the <111> zone axis. (B, C) the EDS mapping of the same concave 
cuboctahedron (green: Ag; red: Au). 
 
were made of of Ag77Au23. Interestingly, the composition of Au for these nanoboxes 
prepared with 0.8 mL of HAuCl4 was lower than that in the Ag-Au{100} nanoboxes (with a 
composition of Ag64Au36) prepared with 0.4 mL of HAuCl4 in the presence of PVP. I 
suspect that part of this difference arises from the co-deposition of both Ag and Au atoms 
on the {111} facets of the cuboctahedra during the synthesis involving CTAC. 
 
4.3.4 Evaluating the Optical and Catalytic Properties of Ag@Au Cuboctahedra and Ag-Au 
Cuboctahedral Nanoboxes 
We also used UV-vis-NIR spectroscopy to characterize the optical properties of the 
resultant cuboctahedral nanoboxes. When Ag@Au{100} cuboctahedra were transformed 
into Ag-Au{100} nanoboxes, Figure 4.6A shows that the localized surface plasmon 
resonance (LSPR) peak was red-shifted from 463 nm to 1290 nm, together with the 
emergence of three other peaks at 845, 925, and 1140 nm. In comparison, Figure 4.6B 
shows that the major LSPR peak of Ag@Ag-Au{111} concave cuboctahedra was located at 




Figure 4.6. (A) UV-vis spectra of the Ag@Au{100} cuboctahedra and corresponding Ag-
Au{100} nanoboxes. (B) UV-vis spectra of the Ag@Ag-Au{111} concave cuboctahedra and 
corresponding Ag-Au{111} nanoboxes. Each spectrum was normalized to its maximum 
intensity. 
 
463 nm due to the surface concavity. When they were transformed into Ag-Au{111} 
nanoboxes, the LSPR peak was shifted to 1305 nm with another peak appeared at 1175 nm. 
I could attribute the main LSPR peak of both types of nanoboxes (1295 and 1305 nm, 
respectively for Ag-Au{100} and Ag-Au{111}) to the electric dipole mode, which has a strong 
correlation with the dimensions of the nanobox.36 Unfortunately, it remains extremely 
challenging to measure the thickness of these nanoboxes while the composition can only 
be obtained by ICP-MS measurements. As such, we cannot perform the discrete dipole 
approximation (DDA) calculation to make assignments for specific plasmonic modes. 
Compared to the cubic Au nanoboxes with LSPR peak located at 1080 nm,28 the LSPR 
peaks of these two types of Ag-Au cuboctahedral nanoboxes were further shifted to the 
infrared region. 
I evaluated the catalytic activity of the cuboctahedral nanoboxes using a model 
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reaction based on the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by 
NaBH4.
37 After the introduction of NaBH4, I recorded the UV-vis spectra of 4-NP at 
different reaction time points (Figure 4.7, A and C). By following the intensity of the 
absorption peak at 400 nm, I plotted the ln(At/Ao) as a function of reaction time (Figure 
4.7, B and D). In both cases, the reduction reaction exhibited first-order kinetics, from 
which I obtained the rate constant through curve fitting. The rate constants of Ag-Au{100} 
and Ag-Au{111} cuboctahedral nanoboxes were 0.005 min




Figure 4.7. (A, C) UV-vis spectra recorded at different time points for the reduction of 4-
NP by NaBH4 at room temperature, when the Ag-Au{100} and Ag-Au{111} nanoboxes were 
used as the catalysts, respectively. (B, D) Plots of ln(A0/At) as a function of time for the 
peaks located at 400 nm in (A) and (C), respectively 
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indicating distinctive catalytic activities toward this reduction reaction. I believe there are 
several factors that could contribute to this significant difference. Based on my ICP-MS 
measurements, both Ag-Au{100} and Ag-Au{111} cuboctahedral nanoboxes were made of 
Ag-Au alloy with a composition of Ag64Au36 and Ag77Au23, respectively. As many groups 
argue that Au is a more effective catalyst for the reduction of 4-NP compared to Ag,38-43 it 
is possible that the difference arises from the fact that the Ag-Au{111} cuboctahedral 
nanoboxes may embrace Au-dominated outermost surfaces while the Ag-Au{100} 
cuboctahedral nanoboxes could consist of Ag-dominated surfaces. However, it is indeed 
extremely difficult to characterize the composition of the outermost surfaces to fully 
support this argument. On the other hand, I believe that the use of PVP or CTAC in the 
original synthesis of these nanoboxes could contribute to the different arrangement of 
atoms on the {100} or {111} facets of cuboctahedra, respectively, leading to their distinct 
catalytic activities. Finally, it is also possible that the dissolved oxygen species in reaction 
solution could attribute to the different induction time of 4-NP reduction because Ag atoms 
could leach out into the solution as Ag ions and thus affect the catalytic performance.44, 45 
 
4.4 Conclusions 
We have demonstrated the transformation of Ag cuboctahedra into Ag-Au 
cuboctahedral nanoboxes with complementary facets by including either 
poly(vinylpyrrolidone) (PVP) or cetyltrimethylammonium chloride (CTAC) to a reaction 
solution containing Ag cuboctahedra, H2Asc, and NaOH at the pH around 11, followed by 
the titration of aqueous HAuCl4. When the PVP was involved, the oxidation of Ag would 
be initiated on the on the {111} facets for the deposition of Au on the {100} facets in the 
orthogonal manner, transforming Ag cuboctahedra into Ag@Au{100} cuboctahedra and then 
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cuboctahedral nanoboxes enclosed by the {100} facets after the etching of Ag by H2O2. In 
comparison, when the CTAC was added to the reaction solution, the oxidation of Ag would 
continuously progress on the {100} facets for the generation of concavities. Concomitantly, 
the dissolved Ag(I) ions and the Au(III) would be co-reduced by chemical reduction for the 
generation of Ag and Au atoms, followed by their co-deposition on the {111} facets for the 
generation of Ag@Au{111} concave cuboctahedra and the resultant Ag-Au{111} 
cuboctahedral nanoboxes enclosed by {111} facets after the removal of Ag. Both types of 
cuboctahedral nanoboxes embrace strong LSPR properties in the infrared region. On the 
other hand, cuboctahedral nanoboxes enclosed by the {111} facets exhibit catalytic 
activities toward the reduction of 4-NP by NaBH4. 
 
4.5 Notes to Chapter 4 
This chapter was adapted from the article “Orthogonal Deposition of Au on Different 
Facets of Ag Cuboctahedra for the Fabrication of Nanoboxes with Complementary 
Surfaces” published in Nanoscale.46 
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CHAPTER 5. COMPARATIVE STUDY OF THE ADSORPTION OF 
THIOL AND ISOCYANIDE MOLECULES ON SILVER SURFACE 
BY IN SITU SURFACE-ENHANCED RAMAN SCATTERING 
 
5.1 Introduction 
As demonstrated by the various synthesis methods described in Chapters 2-4, it is 
evident that surface ligands play a significant role in controlling the site-selective etching 
and growth on the nanocrystal template for engineering nanocrystals with complex shapes. 
The surface of metal nanoparticles is prone to the adsorption of organic molecules because 
the adsorbates can reduce the interfacial energy between the metal and its surrounding 
medium.1 If the organic molecules have a functional group with strong affinity toward the 
metal atom, they tend to spontaneously arrange themselves into a self-assembled 
monolayer (SAM),2 presenting a robust method for engineering the interfacial properties.3-
6 Although there are extensive reports on the formation of thiol-based SAMs on Au 
nanoparticles,2,7-10 it remains challenging to characterize the surface adsorption process in 
gathering information such as coverage density, conformation of the adsorbed ligands, and 
the relative binding strengths of different ligands. To this end, it is of importance to develop 
a technique capable of probing the adsorption of organic molecules on the surface of 
nanoparticles in situ. Such a technique would also find immediate use in areas such as 
surface science and heterogeneous catalysis. 
There are a number of documented techniques for characterizing the adsorption of 
organic molecules on a solid surface. As a direct method, scanning tunneling microscopy 
(STM) has been used extensively to visualize the SAM on a metal thin film by obtaining 
topological information with resolution down to the molecular level.11,12 Recent reports 
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suggested that STM could analyze mixed-ligand SAMs on Au nanoparticles with sufficient 
sensitivity to distinguish between the regions comprised of different types of thiol 
molecules.13,14 Unfortunately, STM measurements demand a high-vacuum environment,15 
making it impractical to gather information from a solution-phase system. Additionally, it 
is difficult to extract configuration of organic molecules on a solid surface from the STM 
data. In comparison, other indirect methods can reveal the structural details of the adsorbed 
molecules by leveraging molecular vibrations. Among them, Fourier-transform infrared 
spectroscopy (FTIR) is well known for its ability to reveal the molecular fingerprints about 
the adsorbates. For example, Murray et al. demonstrated the use of FTIR to evaluate the 
conformations of alkanethiol molecules adsorbed on Au nanoparticles as a function of 
particle size and under different conditions (e.g., solid state vs. solution phase).16,17 They 
discovered that alkanethiols would show less ordered packing on smaller particles or for 
the nanoparticles dispersed in nonpolar solvents. Based on the non-linear optical responses 
from the surface of nanoparticles,18,19 second-harmonic generation (SHG) spectroscopy 
serves as a sensitive technique to create the adsorption isotherm,20 determine the adsorption 
energy and coverage density,21 and investigate the exchange of different ligands on the 
surface of Au nanoparticles.22 However, SHG inherits a number of intrinsic problems, 
including bulk-phase interference, sensitivity restriction, limited range of wavenumbers, 
and inability to detect vibrational modes parallel to the interfacial plane as a result of 
surface-selection rules. 
Surface-enhanced Raman scattering (SERS) offers a powerful tool for analyzing 
molecular adsorption on the surface of a plasmonically-active metal such as Au or Ag in 
liquid phase and under ambient conditions. SERS shares several attributes with electron 
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energy loss spectroscopy (EELS), including the excellent sensitivity toward low 
wavenumbers and the ability to detect most adsorbate through their vibrational modes. In 
the 1990s, Weaver and others used SERS to study the interface between an aqueous phase 
and an electrocatalytic material that includes a roughened noble-metal electrode or an 
electrode decorated with nanoparticles of 1-2 nm in size.23-27 They argued about the 
feasibility to monitor molecular transformations on a catalytic surface by following the 
vibrational fingerprints of catalytically relevant molecules, such as ethylene, methanol, and 
carbon monoxide, as a function of electrode potential.23-25 In recent years, SERS has been 
implemented to probe chemical reactions in situ on nanoparticles consisting of a plasmonic 
metal such as Au or Ag and a catalytic metal such a Pd or Pt.28-30 Most recently, it was 
further demonstrated the utility of SERS in probing the heterogeneous nucleation and 
growth of Pd or Pt on Ag nanocubes in solution with the introduction of an isocyanide 
probe.31,32 Despite these prior reports, SERS has not been fully explored for monitoring the 
adsorption of an organic ligand onto the surface of metal nanocrystals in situ in a solution 
phase.33-35 
Herein, I demonstrate the use of SERS as a platform technique to investigate the 
competitive adsorption of thiol and isocyanide molecules on the surface of Ag nanocubes. 
As illustrated in Figure 5.1, I selected three different ligands, 4-nitrothiophenol (4-NTP), 
4-aminothiophenol (4-ATP), and 1,4-phenylene diisocyanide (1,4-PDI), to investigate their 
(competitive) adsorption on the surface of Ag nanocubes. It is well-known that both 4-NTP 
and 4-ATP can chemisorb onto Ag via the establishment of a Ag-thiolate linkage.36,37 Since 
–NO2 and –NH2 are an electron acceptor and a donor, respectively, 4-NTP and 4-ATP have 




Figure 5.1. Molecular structures of the ligands and schematic illustrations showing how 
these ligand molecules bind to the surface of Ag nanocubes.  
 
nanoparticles.38,39 A number of groups have also investigated the production of an azo-
compound from 4-NTP or 4-ATP on the surface of Ag or Au nanoparticles using SERS.39-
41 Different from thiol molecules whose vibrational modes exhibit essentially no 
dependence on the type of metal on the surface, the binding of the isocyanide group (–NC) 
to a transition metal is similar to that of carbon monoxide, making the stretching frequency 
of the NC bond (NC) sensitive to the interaction between the –NC group and the metal.
42-
45 The carbon is assumed to bind to Ag through -donation, by which the lone-pair electrons 
are donated from the anti-bonding  orbital of the –NC group to the Ag metal atoms. It is 
anticipated that there are two possible configurations of 1,4-PDI on the surface of Ag 
nanocubes. The first configuration involves the binding of one –NC group to Ag in a 
standing geometry with respect to the surface while leaving the other –NC group free.46 
The second one reflects the binding of both –NC groups to the Ag surface. Because the 
NC(Ag) and NC(free) peaks have distinctive Raman shifts, it is feasible to characterize the 
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configuration of 1,4-PDI on the surface of Ag by SERS. It is worth acknowledging that 
isocyanides have received attention in the molecular electronics community due to the 
lower barrier to electron transfer at the isocyanide-metal junction than that at the thiol-
metal junction.47,48 It has been argued that 1,4-PDI could serve as a molecular linker to 
bridge two metal electrodes through the two –NC groups and -conjugated benzene ring 
to achieve efficient electron transfer.48 
Specifically, in this Chapter, I present a systematic study of the adsorption of 4-NTP, 
4-ATP, and 1,4-PDI on the surface of colloidal Ag nanocubes suspended in ethanol by in 
situ SERS. In a typical process, I disperse the acid-treated Ag nanocubes in an ethanol 
solution containing either 4-NTP, 4-ATP, or 1,4-PDI, followed by the collection of SERS 
spectra at different time points. Because the SERS hot spots are located on the edges of Ag 
nanocubes, I actually monitored the adsorption of thiol or isocyanide on the edges. By 
varying the concentration of each solution, there are some subtle differences in the 
vibrational peaks from the SERS spectra, suggesting that the configurations of molecules 
on the Ag surface likely change when the surface coverage of ligand molecules was altered. 
More interestingly, I further evaluate competitive adsorption of thiol and isocyanide by 
dispersing Ag nanocubes in an ethanol solution containing both thiol (4-NTP or 4-ATP) 
and 1,4-PDI. These results confirm the preference of thiol over isocyanide in adsorbing 
onto Ag surface when these two ligands are presented in comparable concentrations. 
 
5.2 Experimental Section 
Chemicals. Ethylene glycol (EG) was purchased from J. T. Baker (Avantor 
Performance Materials, LLC, Center Valley, PA). Silver trifluoroacetate (CF3COOAg, 
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≥99.99%), sodium hydrosulfide hydrate (NaHS·xH2O), poly(vinylpyrrolidone) (PVP) with 
an average molecular weight of 29,000 (PVP-29), aqueous hydrochloric acid (HCl, 37 
wt.%), L-ascorbic acid (H2Asc, 99%), ethyl alcohol (ethanol, ≥99.5%), 1,4-phenylene 
diisocyanide (1,4-PDI, 97%), 4-nitrothiophenol (4-NTP, 80%), 4-aminothiophenol (4-ATP, 
97%), gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9% trace metal basis), 
chloroplatinic acid hexahydrate (H2PtCl6·6H2O, ACS reagent, 37.50% Pt basis), and 
sodium borohydride (NaBH4, 99.99%) were ordered from Sigma-Aldrich (St. Louis, MO). 
Sodium hydroxide (NaOH, 98%) and acetone (HPLC grade, 99.5+%) were obtained from 
Alfa Aesar. All chemicals were used as received. All aqueous solutions were prepared using 
deionized (DI) water with a resistivity of 18.2 MΩ·cm at room temperature. 
Synthesis of Ag Nanocubes. I followed a published protocol involving polyol 
reduction to synthesize the Ag nanocubes.49 The as-prepared Ag nanocubes were washed 
once with acetone, followed by three times with water, and then dispersed in water for 
storage and future use. The stock suspension of Ag nanocubes contained 1.2 × 1013 particles 
per mL. 
Acid Treatment of Ag Nanocubes. In a standard protocol, I mixed 0.5 mL of 
aqueous H2Asc (0.1 M) and 2 mL of aqueous PVP-29 (1 mM) in 0.5 mL of water in a 23-
mL glass vial under magnetic stirring at 650 RPM. Next, I injected 25 μL of Ag nanocubes 
to the acidic solution to attain approximately 3.0 × 1011 particles. The mixture was 
magnetically stirred under ambient conditions for 2 h. Afterwards, the solution was divided 
and transferred into three centrifuge tubes, followed by their centrifugation at 5500 RPM 
for 15 min. After the removal of the supernatant, the solids were used without further 
modification for the SERS experiments. For TEM characterization, the solids were washed 
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with ethanol twice and drop-casted onto a TEM grid. 
Monitoring the Adsorption of 4-NTP, 4-ATP, or 1,4-PDI on Ag Nanocubes by 
SERS. In a standard protocol, I first recorded a Raman spectrum from the ligand, such as 
4-NTP, 4-ATP, or 1,4-PDI in ethanol solution at the concentration of 10-5 M, as a reference. 
Next, I mixed the ligand solution with the Ag nanocubes, followed by vigorous shaking to 
disperse the nanocubes. Finally, I withdrew aliquots from each sample at 3, 15, 30, 45 and 
60 min for SERS measurements. For the experiments involving different concentrations of 
ligand, I followed the standard protocol except that the ligand solution was changed to 
either 10-4 M or 10-7 M. 
Monitoring the Competitive Adsorption of 1,4-PDI and 4-NTP, as well as 1,4-
PDI and 4-ATP, on Ag Nanocubes by SERS. In a typical experiment, I mixed two ligand 
solutions (4-NTP and 1,4-PDI, or 4-ATP and 1,4-PDI), each at a doubled concentration 
(that is, 2×10-3, 2×10-5, or 2×10-7 M) relative to the standard protocol, in equal volumes. 
As a result, the final mixture would preserve the concentrations of each ligand relative to 
the single-ligand experiments. I then followed the standard protocol except that the mixture 
was used as the ligand solution. 
SERS Measurements. I performed the SERS measurements using a Renishaw inVia 
Raman spectrometer (Wotton-under-Edge, UK) coupled with a Leica optical microscope 
(Leica Camera, Wetzlar, Germany). In a typical measurement, I transferred an aliquot of 
20 µL from the sample into a transparent polydimethylsiloxane (PDMS) cell, covered the 
cell with a thin cover glass, and placed the cell on the sample stage of microscope. After I 
used the static mode for collecting consecutive Raman spectra every second to confirm 
that the Raman signal was relatively stable (variation is within 100 counts), I recorded the 
136 
Raman spectrum in the extended mode, using the excitation wavelength of 532 nm, 100× 
objective, 10% of the laser power (maximum power of 50 mW), and 10 s collection time. 
Quantitative Analysis of Raman Data. I used Renishaw's WiRE 5.1 software to 
calculate the area under the peaks of the characteristic Raman bands present in the SERS 
spectra at each time point in the experiment, specifically the CC band of 4-NTP and the 
NC(Ag) band of 1,4-PDI. For each data point, I performed the analysis according to the 
following procedure. In the first step, I loaded the raw data into the software and then 
centered the viewing window around the peak of interest (1520-1620 cm-1 for the CC band, 
and 2000-2300 cm-1 for the NC band). In the second step, based on the curve-fitting 
function in the software, I attempted to fit the data using a single Gaussian—Lorentzian 
peak (50% of each character). The software optimized the curve fit model to minimize the 
sum of the squared deviations of the fitting from the experimental data, updating the 
information such as the peak center, peak width, peak height, and the shape (proportion of 
the Gaussian character). If I cannot fit the band, I would add a second peak and performed 
the optimization again to better capture the peak area of this band. Finally, I took the sum 
of the peak areas of all curves used in this fitting to obtain the total area under the peak. 
Instrumentation and Characterization. The nanoparticles were collected using an 
Eppendorf 5430 centrifuge (Eppendorf North America, Hauppauge, NY). The pH values 
were measured using a FiveEasy pH Meter (Mettler Toledo, Columbus, OH). The UV-vis 
spectra were collected using the Cary 60 spectrophotometer (Agilent Technologies, Santa 
Clara, CA). Transmission electron microscopy (TEM) images were captured on a Hitachi 
HT7700 microscope (Tokyo, Japan) operated at 120 kV. 
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5.3 Results and Discussion 
5.3.1 Preparation of Acid-Treated Ag Nanocubes 
We first prepared Ag nanocubes by following the protocol published by Xia and 
coworkers.49 To remove any oxides on the surface, I dispersed the Ag nanocubes in an 
acidic solution (pH=3.1) containing H2Asc and PVP under magnetic stirring for 120 min. 
Figure 5.2 shows TEM images of the samples before and after acid treatment, indicating 
no significant changes to the morphology of nanocubes. After collecting the ethanol 
solution containing the ligand molecules, followed by withdrawing aliquots from each 
sample at various time points for SERS measurements. In this study, I assume that the 
primary contribution to SERS signals would come from molecules adsorbed on the edges 
of individual Ag nanocubes where hot spots are located, rather than from those situated in 
the inter-particle junctions.31 To validate my hypothesis, I recorded UV-vis spectra from 
the Ag nanocubes dispersed in the acid solution and the acid-treated nanocubes re-
dispersed in the ethanol solution. As shown in Figure 5.3, there was essentially no change 
to the UV-vis spectra, confirming the absence of aggregation for the acid-treated Ag 
nanocubes re-dispersed in the ethanol solution. It is also worth mentioning that I could use 
the Raman peak of ethanol at 879 cm-1 as an internal reference to calibrate the Raman 
system. As confirmed by the spectra in Figure 5.4, this band remained at essentially the 













Figure 5.3. UV-vis spectra of Ag nanocubes dispersed in an acid treatment solution (black 




Figure 5.4. Raman spectra recorded from pure ethanol (black) and ethanol containing as-
prepared Ag nanocubes (red). 
 
 
5.3.2 Monitoring the Adsorption of Thiol Molecules on the Surface of Ag Nanocubes by 
In Situ SERS 
We initially studied the interaction of thiols with Ag nanocubes by employing 4-NTP 
as the ligand. Figure 5.5A shows Raman spectra collected from a 4-NTP solution (10-5 M) 
in ethanol before and after adding the acid-treated Ag nanocubes. Based on my back-of-
the-envelope calculation, it is reasonable to assume that the 4-NTP molecules at this 
concentration would be able to form a full coverage on the Ag nanocubes. In the absence 
of Ag nanocubes, the Raman spectrum only shows the peaks associated with ethanol. At 
t=3 min after the introduction of nanocubes, the characteristic peaks of 4-NTP appeared at 
1083 (C−S stretching, νCS), 1336, 1347 (NO2 stretching, νNO2), and 1572 cm
-1 (C−C 
stretching, νCC). The frequencies and intensities of these peaks did not change over a period 
up to t=60 min. nanocubes into 10-5 M 4-NTP ethanol solution, suggesting that the SERS 
signal remains stable during the collection time of 10 s. It is worth mentioning that I 




Figure 5.5. (A) Raman spectrum of 4-NTP ethanol solution (10-5 M) and the SERS spectra 
of 4-NTP collected from the same solution at different time points after the introduction of 
Ag nanocubes. (B) The SERS spectra of 4-NTP collected at t=60 min after introducing Ag 
nanocubes into the 4-NTP ethanol solutions at concentrations of 10-7 M and 10-4 M, 
respectively.  
 
performed the SERS measurements. Based on 20 calibrations, Table 5.1 shows that the 
spectrometer consistently gives the Raman shift of Si(100) at 520.29 cm-1 with a standard 
deviation of 0.09 cm-1. With regard to the peak intensity, Figure 5.6 shows the  
141 
Table 5.1. Raman data of the characteristic peak of Si as periodically measured throughout 
all the SERS experiments. S. D. refers to the standard deviation of the dataset. 
# Centre Width Height # Centre Width Height 
1 520.35 5.11 110652 12 520.44 5.07 117896 
2 520.38 4.97 110645 13 520.22 5.42 119255 
3 520.35 5.02 115457 14 520.1 5.09 112784 
4 520.26 5.02 108978 15 520.32 4.87 122134 
5 520.25 5.03 110601 16 520.32 5.48 117520 
6 520.2 5.3 108247 17 520.32 5.16 116003 
7 520.32 4.87 107954 18 520.31 5.42 113424 
8 520.39 5.24 112402 19 520.37 5.11 118993 
9 520.29 5.27 108795 20 520.19 5.61 106963 
10 520.1 5.09 112784 Mean 520.29 5.19 113363 






Figure 5.6. Heatmap generated from the time-dependent SERS spectra of 4-NTP (10-5 M), 
successively collected in the static mode with a collection time of 1 s each. These data 
points were collected prior to collecting the SERS spectra at t=3 min. 
 
142 
time-dependent SERS spectra (in the form of a heat map) of 4-NTP collected 3 min after 
the introduction of Ag. It is interesting to note that the stretching mode of NO2 (νNO2) was 
split into two peaks at 1336 and 1347 cm-1. Although this observation is different from 
those reported in previous ex situ SERS experiments involving 4-NTP,41,50 it is still difficult 
to fully elucidate the nature of these two peaks at the moment.  
By varying the concentration of 4-NTP while keeping the number of Ag nanocubes 
unchanged in the ethanol solution, I investigated how the molecules would interact with 
the Ag surface differently. At t=60 min, Figure 5.5B shows the SERS spectra of 4-NTP 
adsorbed onto the Ag nanocubes from solutions with concentrations at 10-7 M and 10-4 M, 
respectively. At 10-7 M, I noticed that the Raman peaks of 4-NTP were noticeably red-
shifted to 1079 (νCS), 1330 (νNO2), and 1568 cm
-1 (νCC), respectively, while the other νNO2 
peak at 1346 cm-1 was missing. Based on peak areas of νNO2, the SERS signal became 20-
fold weaker relative to that of 10-5 M. Conversely, at 10-4 M, the peaks of 4-NTP appeared 
at 1083 (νCS), 1334, 1347 (νNO2), and 1573 cm
-1 (νCC), consistent with the peak positions at 
10-5 M. Also, the peak intensities were comparable to those shown in Figure 5.5A. 
To further evaluate the concentration-dependent adsorption of 4-NTP on Ag 
nanocubes, I performed SERS measurements three times at concentration of 10-7, 10-5, or 
10-4 M, respectively. By fitting the cc band (see details in the experimental section), Figure 
5.7 shows three plots of the peak area as function of time at three concentrations. My data 
suggests that the SERS signal reached to the stable state within 3 min regardless the 
concentration of 4-NTP, suggesting that the adsorption of 4-NTP on the surface of Ag 
nanocubes could reach equilibrium at a time scale less than 3 min. Because the SERS hot 




Figure 5.7. Plots of peak areas of the CC band of 4-NTP as a function of time at the 
concentration of (A) 10-7 M, (B) 10-5 M, and (C) 10-4 M, respectively. 
 
enclosed by six side faces, it is not surprising to resolve much weak SERS signal at a 
concentration of 10-7 M when only a limited number of molecules occupied the edges of 
nanocubes. In comparison, when the concentration was increased to 10-5 and then to 10-4 
M, the SERS signals became stronger and reached saturation, suggesting that the molecules 
could fully cover the edges of Ag nanocubes where the SERS hot spots were located. On 
the other hand, the difference in Raman shifts of 4-NTP at various concentrations may 
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suggest that the 4-NTP molecules could adsorb on the surface of Ag nanocubes in different 
configurations. It has been established that the orientation of the adsorbed thiols on a metal 
surface is dependent on the packing density and thus the concentration of the ligand 
molecules.2 For example, alkanethiols have been reported to assume an orientation parallel 
to the metal surface when used at low concentrations, while taking a more or less 
perpendicular orientation at relatively high concentrations.51-53 From this perspective, it is 
possible that the red-shifted SERS peaks observed for 4-NTP at 10-7 M reflect those of 
parallel-lying molecules at a low packing density, whereas the peaks of 4-NTP at 10-5 or 
10-4 M correspond to those perpendicular to the surface in a closely packed monolayer.  
We then examined the interaction of 4-ATP with Ag nanocubes. When the electron-
withdrawing nitro group is substituted by an electron-donating amine group, one could 
expect a change to the direction of electron flow between the Ag surface and the molecule, 
leading to a diminished of chemical enhancement for the SERS.39 Figure 5.8A shows the 
SERS data collected from the acid-treated Ag nanocubes after being re-dispersed in the 4-
ATP ethanol solution (10-5 M). At t=3 min, the characteristic peaks of 4-ATP appeared at 
1080 (C−S stretching, νCS) and 1593 cm
-1 (C−C stretching, νCC). These two peaks did not 
change their positions and intensities up to t=60 min, consistent with the behavior of 4-
NTP. As anticipated, when the ligands were used at the same concentration of 10-5 M, the 
intensities of the 4-ATP signals were much weaker than those from 4-NTP (Figure 5.5A). 
This trend supports my argument that the signals from 4-ATP should be weaker due to the 
lack of chemical enhancement. As shown in Figure 5.8B, hardly any peaks associated with 
4-ATP could be resolved at 10-7 M, while the two peaks located at 1080 (νCS) and  
1594 cm-1 (νCC) returned at 10




Figure 5.8. (A) Raman spectrum of 4-ATP ethanol solution (10-5 M) and the SERS spectra 
of 4-ATP collected from the same solution at different time points after the introduction of 
Ag nanocubes. (B) The SERS spectra of 4-ATP collected at t=60 min after introducing Ag 
nanocubes into the 4-ATP ethanol solutions at concentrations of 10-7 M and 10-4 M, 
respectively.  
 
5.3.3 Monitoring the Adsorption of 1,4-PDI on the Surface of Ag Nanocubes and 
Evaluating their Orientation by In Situ SERS 
Different from thiols that form a relatively strong Ag-S bond with the Ag surface, 
1,4-PDI weakly binds to the surface of Ag nanocubes through σ-donation.44,46 Figure 5.9A 
shows Raman spectra collected from a 1,4-PDI solution (10-5 M) in ethanol before and 
after adding the acid-treated Ag nanocubes. At t=3 min, the characteristic peaks of 1,4-PDI 
emerged at 1164 (C−H bending, δCH), 1204 (C−NC stretching, νC−NC), and 1597 (C−C 
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stretching, νCC), 2125 (N−C stretching, νNC(free)) and 2177 cm
-1 (N−C stretching, νNC(Ag)). 
At t=30 min, there was a slight increase in peak intensity. The SERS spectrum then shows 
little change up to t=60 min. It is interesting to note that the N−C stretching mode appeared 
at 2177 and 2125 cm-1 in the SERS spectrum with their assignments to the νNC(Ag) and 
νNC(free), respectively.
46 The presence of the νNC(free) peak suggests that the 1,4-PDI 
molecules would bind to the surface of the Ag nanocubes through one of its two isocyanide 
groups only, with the benzene ring tilting away from the surface. 
We also collected SERS spectra of acid-treated Ag nanocubes after they had been 
incubated with 1,4-PDI solutions of 10-7 M and 10-4 M, respectively, at the time point of 
60 min. As shown in Figure 5.9B, at 10-7 M, the νNC(free) peak was not identified while the 
νNC(Ag) peak remained almost unchanged at 2176 cm
-1. In comparison, at 10-4 M, I resolved 
both the νNC(Ag) and νNC(free) peaks. Based on the peak areas of νNC(Ag), the overall SERS 
signal is about two-fold weaker at 10-7 M or four-fold stronger at 10-4 M compared with 
that of 10-5 M. 
To confirm the orientation of 1,4-PDI on Ag surface, I monitored the CH band located 
at 3065 cm-1. According to the surface selection rule, this band can only be identified when 
the benzene ring is tilting away from the surface.54 Figure 5.10A shows a small CH band 
when Ag nanocubes were functionalized with 1,4-PDI of 10-4 M. Interestingly, Figure 
5.10B exhibits the appearance of the CH band when I functionalized Ag nanocubes with 
1,4-PDI of 10-5 M and then doubled the number of functionalized cubes used in the standard 
protocol for SERS measurements. These results support my previous argument that the1,4-
PDI molecules would bind to Ag through a single isocyanide group with the benzene ring 




Figure 5.9. (A) Raman spectrum of 1,4-PDI ethanol solution (10-5 M) and the SERS 
spectra of 1,4-PDI collected from the same solution at different time points after the 
introduction of Ag nanocubes. (B) The SERS spectra of 1,4-PDI collected at t=60 min after 
adding Ag nanocubes into the 1,4-PDI ethanol solutions at 10-7 M and 10-4 M, respectively. 
 
concentrations (see Figure 5.9, A and B). When I functionalized Ag nanocubes with 1,4-
PDI of 10-7 M, followed by SERS detection by increasing the number of Ag nanocubes that 
are four times larger than those used in the standard protocol to improve detection 




Figure 5.10. The SERS spectra of 1,4-PDI collected at t=60 min by using (A) Ag 
nanocubes prepared with a 1,4-PDI ethanol solution at 10-4 M, (B) Ag nanocubes prepared 
with a 1,4-PDI ethanol solution at 10-5 M with the number of particles doubled relative to 
those in (A), and (C) Ag nanocubes prepared by with a 1,4-PDI ethanol solution at 10-7 M 
with the number of particles quadrupled relative to those in (A). 
 
in the number of nanocubes for this set of SERS measurements was able to increase the 
peak intensity of νNC(Ag) band significantly to the signal level comparable to that of νNC(Ag) 
band collected from Ag nanocubes functionalized with 1,4-PDI of 10-5 M. Figure 5.11 
shows the direct comparison of the νNC(Ag) band, from which one still cannot resolve the 




Figure 5.11. The SERS spectra of 1,4-PDI collected at t=60 min by using (A) Ag 
nanocubes prepared by 1,4-PDI ethanol solutions at 10-5 M and (B) Ag nanocubes prepared 
by 1,4-PDI ethanol solutions at 10-7 M with the number of particles quadrupled from those 
in (A). 
 
bind to the edges of Ag nanocubes, the SERS hot spots, through a single isocyanide group, 
likely in a benzene ring tilting away from the surface, at a high concentration for 
accommodating closely packed configuration. In the case of 10-7 M, it is possible that the 
molecules might bind to the Ag surface through both isocyanide groups rather than only 
one of them at such low concentration. We also collected SERS spectra of acid-treated Ag 
nanocubes after they had been incubated with 1,4-PDI solutions of 10-7 M and 10-4 M, 
respectively, at the time point of 60 min. As shown in Figure 5.9B, at 10-7 M, the νNC(free) 
peak was not identified while the νNC(Ag) peak remained almost unchanged at 2176 cm
-1. In 
comparison, at 10-4 M, I resolved both the νNC(Ag) and νNC(free) peaks. Based on the peak 
areas of νNC(Ag), the overall SERS signal is about two-fold weaker at 10
-7 M or four-fold 
stronger at 10-4 M compared with that of 10-5 M. 
150 
5.3.4 Assessing the Competitive Adsorption of Thiols and 1,4-PDI on Ag Nanocubes  
Based on the results shown in Figures 5.2-5.11, I argue that 4-NTP, 4-ATP, and 1,4-
PDI all can readily adsorb onto the surface of Ag nanocubes dispersed in ethanol. To further 
examine the difference between thiol and isocyanide, I evaluated their competitive 
adsorption onto the surface of Ag nanocubes by introducing the acid-treated Ag nanocubes 
into an ethanol solution containing both types of ligands at specific concentrations. Figure 
5.12A shows the Raman spectra collected from an ethanol solution containing 4-NTP and 
1,4-PDI (both at 10-5 M). At t=3 min, the peaks at 1083, 1336, 1347, and 1572 cm-1 could 
be assigned to νCS, νNO2, and νCC of 4-NTP, respectively. However, I could not resolve well-
defined peaks associated with 1,4-PDI, except an extremely weak peak located at 2172 cm-
1. The SERS spectrum remained essentially the same up to t=60 min. This data confirms 
that thiol would adsorb onto Ag surface more competitively on the edges of Ag nanocubes 
where the hot spots are located for SERS detection. Interestingly, when I reduced the 4-
NTP concentration by 100-fold to 10-7 M while keeping the concentration of 1,4-PDI at 10-
5 M, at t=3 min, Figure 5.12B shows the appearance of peaks characteristic of 1,4-PDI at 
2123 (νNC(free)) and 2178 cm
-1 (νNC(Ag)), together with characteristic peaks of 4-NTP at 1080 
(νCS), 1330 (νNO2), and 1568 cm
-1 (νCC), I also observed increase in peak intensity for the 
νNC(Ag) band of 1,4-PDI while there was essentially no change to the peaks of 4-NTP by 
t=30 min. From t=30 to 60 min, the SERS spectrum remained unaltered. These results infer 
that 4-NTP and 1,4-PDI could co-exist on the edges of Ag nanocubes. 
To further understand the concentration-dependent adsorption of 4-NTP and 1,4-PDI 
on Ag nanocubes, I repeated the SERS measurements and then analyzed the results. By 




Figure 5.12. (A) Raman spectrum recorded from an ethanol solution containing 4-NTP 
(10-5 M) and 1,4-PDI (10-5 M) and the SERS spectra of 4-NTP and 1,4-PDI collected from 
the same solution at different time points after the introduction of Ag nanocubes. (B) 
Raman spectrum of an ethanol solution containing 4-NTP (10-7 M) and 1,4-PDI (10-5 M) 
and the SERS spectra of 4-NTP and 1,4-PDI collected from the same solution at different 





Figure 5.13. (A) Plots of peak area for the CC band of 4-NTP as a function of time when 
the 4-NTP (10-5 M) was mixed with 1,4-PDI (10-5 M) by benchmarking against 4-NTP (10-
5 M). (B) Plots of peak area for the CC band of 4-NTP as a function of time when 4-NTP 
(10-7 M) was mixed with 1,4-PDI (10-5 M) by benchmarking against 4-NTP (10-7 M). (C) 
Plots of peak area for the CN(Ag) band of 1,4-PDI as a function of time when 4-NTP (10
-7 
M) was mixed with 1,4-PDI (10-5 M) by benchmarking against 1,4-PDI (10-5 M). 
 
time by benchmarking against 4-NTP (10-5 M). In this case, I noticed that the SERS signal 
was comparable to that of 4-NTP, suggesting that the 4-NTP could competitively bind to 
the edges of Ag nanocubes over 1,4-PDI when they were used at the same concentration. 
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On the other hand, when I decreased the concentration of 4-NTP to10-7 M while keeping 
the concentration of 1,4-PDI at 10-5 M, Figure 5.13B shows a plot of the νCC band of 4-
NTP as a function of time by benchmarking against the plot of 4-NTP (10-7 M). Under this 
condition, I observed an increase in the peak area of 4-NTP when 100-fold more 1,4-PDI 
molecules were involved in the solution. Because 4-NTP at 10-7 M was unable to cover the 
entire surface of Ag nanocubes, I suspect that the adsorption of 1,4-PDI would occur on 
the side faces of nanocubes, making it possible to favor the preferential adsorption of 4-
NTP molecules on the edges of nanocubes for an increase in the SERS signal. Figure 5.13C 
shows a plot of the NC(Ag) band of 1,4-PDI as a function of time by benchmarking against 
the plot of 1,4-PDI (10-5 M). Interestingly, I observed a decrease in the SERS signal of 1,4-
PDI when a small amount of 4-NTP was involved in the solution. This result indicates that 
a fewer number of 1,4-PDI molecules were located at the SERS hot spots resulting from 
the competitive binding of 4-NTP on the edges of nanocubes. Altogether, I argue that it is 
feasible to use 4-NTP to impede or even inhibit the adsorption of 1,4-PDI molecules on the 
surface of Ag by tuning the concentration of these two ligands. 
We also evaluated the competitive adsorption of 4-ATP and 1,4-PDI on Ag using the 
same experimental approach. Figure 5.14A shows the Raman spectrum collected from an 
ethanol solution containing 4-ATP and 1,4-PDI, both at 10-5 M. At t=3 min, I observed the 
peaks of 4-ATP at 1080 (νCS) and 1595 (νCC) but not the νNC(free) and νNC(Ag) bands of 1,4-
PDI. Because the νCC bands of both 1,4-PDI and 4-ATP overlap with each other, I cannot 
reply on this band for the identification of 1,4-PDI. From t=30 to 60 min, there was 
essentially no change to the SERS spectrum. These results are similar to the case of 1,4-




Figure 5.14. (A) Raman spectrum recorded from an ethanol solution containing 4-ATP (10-
5 M) and 1,4-PDI (10-5 M) and the SERS spectra of 4-ATP and 1,4-PDI collected from the 
same solution at different time points after introducing Ag nanocubes. (B) Raman spectrum 
of an ethanol solution containing 4-ATP (10-5 M) and 1,4-PDI (10-3 M) and the SERS 
spectra of 4-ATP and 1,4-PDI collected from the same solution at different time points after 
adding Ag nanocubes. 
 
regardless of the difference in the terminal group (NO2 vs. NH2). Because it was difficult 
to resolve any SERS signal when decreasing the concentration of 4-ATP from 10-5 M to 
10-7 M (see Figure 5.8B), I increased the concentration of 1,4-PDI to 10-3 M while keeping 
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the 4-ATP concentration at 10-5 M to attain a molar ratio of 4-ATP to 1,4-PDI molecules at 
1:100. In this case, at t=3 min, Figure 5.14B shows the characteristic peaks of 1,4-PDI at 
2125 (νNC(free)) and 2171 cm
-1 (νNC(Ag)) in addition to the peaks of 4-ATP. This suggests that 
both 4-ATP and 1,4-PDI could adsorb on the edges of Ag nanocubes at comparable rates 
when 1,4-PDI was in excess, consistent with the results of 4-NTP and 1,4-PDI. 
 
5.4 Conclusions 
We have explored the use of in situ SERS to investigate the adsorption of different 
ligands on the surface of colloidal Ag nanocubes. In a typical process, I collected SERS 
spectra at different time points from a mixture of Ag nanocubes and a ligand such as 4-
NTP, 4-ATP, or 1,4-PDI at a specific concentration. Time-dependent SERS spectra of 4-
NTP indicate that the adsorption could be achieved within 3 min due to the strong binding 
of thiol to Ag surface. I also recorded the concentration-dependent SERS spectra of 4-NTP, 
from which I observed a red-shift for all peaks at a concentration of 10-7 M relative to the 
case 10-5 M or 10-4 M. I argue that such a red-shift could be attributed to the difference in 
molecular orientation, with the benzene ring oriented parallel to or tilting away from the 
surface at low and high concentrations, respectively. I confirmed that the adsorption 
kinetics of 4-ATP on Ag was similar to that of 4-NTP, although the SERS signals from 4-
ATP were much weaker due to the absence of chemical enhancement. Different from the 
case of thiol, 1,4-PDI would bind to a Ag surface through -donation, giving slower 
adsorption kinetics over a time scale of 60 min. At a concentration of 10-5 M and above, I 
observed both νNC(free) and νNC(Ag) peaks in the SERS spectra, suggesting that the 1,4-PDI 
molecules could be oriented with the benzene ring tilting away from the surface. I further 
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evaluated the relative binding strength of the thiol and isocyanide groups toward Ag surface 
by dispersing Ag nanocubes in an ethanol solution containing both ligands. The SERS 
signals from 1,4-PDI were not detectable in either case when it was used at the same 
concentration as 4-NTP or 4-ATP at 10-5 M. However, the 1,4-PDI signals became 
detectable when its concentration was increased by 100 times relative to 4-NTP or 4-ATP. 
Collectively, my data indicate that the thiols have a much stronger binding to the surface 
on Ag nanocubes, making it possible to impede or even inhibit the adsorption of 
isocyanides. 
 
5.5 Notes to Chapter 5 
This chapter is adapted from the article “Comparative Study of the Adsorption of 
Thiol and Isocyanide Molecules on Silver Surface by In Situ Surface-Enhanced Raman 
Scattering” published in the Journal of Physical Chemistry C.55  
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CHAPTER 6. CONCLUSIONS AND OUTLOOK  
 
6.1 Concluding Remarks 
This dissertation documents my contributions to the development of a rational 
synthesis of multi-metallic nanocrystals with complex shapes and compositions in the 
solution phase using a Ag nanocrystal template as the starting point. I believe that a rational 
design plays an essential role to fine-tune the nanocrystal morphology with a specific shape 
and composition, leading to achieve desired properties based on their structure-property 
relationship. To this end, I reported two strategies by leveraging both the etching and the 
deposition for controlling the morphological evolution of a nanocrystal template. 
Specifically, I focused on the use of galvanic replacement reaction to instigate oxidation 
(etching) and reduction (growth) on the different facets of Ag nanocrystals in an orthogonal 
manner. By controlling the relative rates of etching and deposition on selected facets of the 
nanocrystal template using various ligands, I successfully fabricated bimetallic and 
trimetallic nanocrystals with specific shapes as well as spatial distribution of elements. 
In the first strategy, I coupled the galvanic replacement reaction with a chemical 
reduction pathway in the presence of cetyltrimethylammonium chloride (CTAC) to 
demonstrate the transformation of Ag nanocubes into Ag@Ag-Au concave nanocrystals. 
The mechanism involves the co-deposition of Au and Ag atoms on the edges and corners 
of the Ag nanocubes while Ag atoms are concomitantly etched away from the side faces. 
In a typical synthesis, I titrated aqueous HAuCl4 to an aqueous suspension of Ag nanocubes 
in the presence of ascorbic acid (H2Asc), NaOH, and CTAC at an initial pH of 11.6 under 
ambient conditions. The added HAuCl4 remains in the form of AuCl4
− under an alkaline 
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condition, facilitating the galvanic replacement reaction with the Ag nanocubes. As the Cl− 
ions can selectively bind to the {100} facets of Ag nanocubes. the dissolution of Ag atoms 
would occur from the side faces. The released Ag+ ions can be retained in the soluble form 
of AgCl2
− by complexing with the Cl− ions. Both the AuCl4
− and AgCl2
− are then reduced 
by ascorbic monoanion (HAsc−) to generate Au and Ag atoms, followed by their co-
deposition preferentially onto the edges and corners of Ag nanocubes. As the reaction 
progresses, Ag atoms located at the side faces of the nanocubes are continuously carved by 
the galvanic reaction while Ag and Au atoms are increasingly deposited on the edges and 
corners, leading to the generation of Ag@Ag-Au core-frame nanocubes with concave side 
faces. These nanocrystals could also be transformed into Au-Ag nanoframes with 
controllable ridge thicknesses upon the removal of Ag in the core.  
I then demonstrated that the Ag@Ag-Au core-frame nanocubes could be used as a 
template for the generation of multi-metallic cage cubes by drilling through all the side 
faces of the template. My success relies on the use of the template with Ag in the core and 
Ag-Au alloy frames along the corners and edges of a nanocube to confine the drilling of 
Ag to the center of each side face, and ultimately to align the intersected holes with the 
center of the nanocube. In a typical protocol, I dispersed Ag@Ag-Au core-frame 
nanocubes in an aqueous solution containing CTAC, followed by the titration of an aqueous 
solution of a salt precursor such as H2PtCl6, K2PtCl4, Na2PdCl4, or HAuCl4 under ambient 
conditions. A simple galvanic replacement reaction between the Ag@Ag-Au nanocubes 
and the precursor could produce multi-metallic cage cubes with holes of different sizes, 
which would depend on the stoichiometry and reduction potential of the salt precursor. At 
the early stage of a synthesis, the Cl− ions derived from CTAC could bind selectively 
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toward the Ag(100) surface, making the oxidation of Ag preferentially start from the Ag-
dominated regions located at the center of each side face of a nanocube for the creation of 
a cavity, while the resultant metal atoms are deposited on the edges and corners in an 
orthogonal manner. As the Ag atoms are removed from the side faces in the form of Ag(I) 
ions for the generation of other metals followed by their deposition on the edges and 
corners of nanocubes, I could achieve the continuous carving of Ag atoms from the center 
of a core-frame nanocube for its ultimate transformation into a cage cube enclosed by a 
bimetallic or trimetallic alloy, together with three orthogonal, intersected holes. 
Because Ag nanocubes have a limited presence of surface facets other than the {100}, 
I also investigated the facet-selective growth of Au on Ag cuboctahedra templates, which 
consist of a mix of {100} and {111} facets in a 1.7-to-1 ratio, to support my previous 
findings. I demonstrated the transformation of Ag cuboctahedra into Ag-Au cuboctahedral 
nanoboxes with complementary facets by including either poly(vinylpyrrolidone) (PVP) 
or CTAC to a reaction solution containing Ag cuboctahedra, H2Asc, and NaOH at the pH 
around 11, followed by the titration of aqueous HAuCl4. When the PVP was involved, the 
oxidation of Ag would be initiated on the on the {111} facets for the deposition of Au on 
the {100} facets in the orthogonal manner, transforming Ag cuboctahedra into Ag@Au{100} 
cuboctahedra and then cuboctahedral nanoboxes enclosed by the {100} facets after the 
etching of Ag by H2O2. In comparison, when the CTAC was added to the reaction solution, 
the oxidation of Ag would continuously progress on the {100} facets for the generation of 
concavities. Concomitantly, the dissolved Ag(I) ions and the Au(III) would be co-reduced 
by chemical reduction for the generation of Ag and Au atoms, followed by their co-
deposition on the {111} facets for the generation of Ag@Au{111} concave cuboctahedra and 
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the resultant Ag-Au{111} cuboctahedral nanoboxes enclosed by {111} facets after the 
removal of Ag. 
Finally, I explored the use of in situ surface-enhanced Raman spectroscopy (SERS) 
to investigate the adsorption of different ligands on the surface of colloidal Ag nanocubes. 
In a typical process, I collected SERS spectra at different time points from a mixture of Ag 
nanocubes and a ligand such as such as 4-nitrothiophenol (4-NTP), 4-aminothiophenol (4-
ATP), or 1,4-phenylene diisocyanide (1,4-PDI) at a specific concentration. Time-dependent 
SERS spectra of 4-NTP indicate that the adsorption could be achieved within 3 min due to 
the strong binding of thiol to Ag surface. I also recorded the concentration-dependent SERS 
spectra of 4-NTP, from which I observed a red-shift for all peaks at a concentration of 10-
7 M relative to the case 10-5 M or 10-4 M. I argue that such a red-shift could be attributed 
to the difference in molecular orientation, with the benzene ring oriented parallel to or 
tilting away from the surface at low and high concentrations, respectively. I confirmed that 
the adsorption kinetics of 4-ATP on Ag was similar to that of 4-NTP, although the SERS 
signals from 4-ATP were much weaker due to the absence of chemical enhancement. 
Different from the case of thiol, 1,4-PDI would bind to a Ag surface through -donation, 
giving slower adsorption kinetics over a time scale of 60 min. At a concentration of 10-5 M 
and above, I observed both νNC(free) and νNC(Ag) peaks in the SERS spectra, suggesting that 
the 1,4-PDI molecules could be oriented with the benzene ring tilting away from the surface. 
I further evaluated the relative binding strength of the thiol and isocyanide groups toward 
Ag surface by dispersing Ag nanocubes in an ethanol solution containing both ligands. The 
SERS signals from 1,4-PDI were not detectable in either case when it was used at the same 
concentration as 4-NTP or 4-ATP at 10-5 M. However, the 1,4-PDI signals became 
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detectable when its concentration was increased by 100 times relative to 4-NTP or 4-ATP. 
Collectively, my data indicate that the thiols have a much stronger binding to the surface 
on Ag nanocubes, making it possible to impede or even inhibit the adsorption of 
isocyanides. 
 
6.2 Future Directions for Research 
This research developed several approaches to control the facet-selective etching and 
deposition of second metal on the surface of Ag nanocrystal templates for their 
transformation into nanocrystals with complex shapes and spatially well-defined elemental 
distributions. It is anticipated that these protocols for synthesis can be extended to other 
metal precursor salts (such as those for Rh or Ir) for the fabrication of core-frame concave 
nanocubes and nanoscale cage cubes composed of these metals. To this end, I have 
demonstrated the feasibility through some initial experiments (Chapter 3, Section 3.3.3) 
that experimental parameters such as reaction stoichiometry or the titration rate could be 
tuned systematically to further optimize the morphology and composition of the final 
product. However, as these salts are often insoluble in water, one must consider using 
another solvent (such as, but not limited to, ethylene glycol) or making other modifications 
to the protocol, while considering their effects on the reaction pathway to develop a reliable 
and general approach to the design and production of these unique-morphology 
nanocrystals.1-4  
It should be pointed out that there is also active research in progress regarding the 
synthesis of complex-shape noble metal nanocrystals, in which several additional 
nanoscale processes such as solid-state diffusion,5 Kirkendall diffusion,6,7 and dealloying8,9 
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other than galvanic replacement could kick in to generate nanocrystals with even more 
complex shapes, morphologies, and compositions. From all these endeavors, one will 
surely gain further insights into the facet-selective etching and deposition mechanisms 
while significantly increase the diversity and functionality of metal nanocrystals. Moving 
forward, it is important to apply these design rules of metal nanocrystals to other systems 
such as nanostructures consisting of soft-core and hard-shell nanoparticles for the 
construction of multi-shell hollow nanostructures for potential applications in energy 
storage and conversion.10 
Moreover, I argue that the SERS-based platform would embrace much potential in 
probing the surfaces of colloidal Ag nanocubes and characterizing the interaction between 
the ligands and the Ag surface atoms. Similar to the case of thiols and isocyanides, I believe 
that I could characterize the adsorption of other types of ligands, such as PVP and CTAC, 
that significantly affect the heterogeneous growth of the nanocrystals. In particular, I am 
investigating the configuration of PVP chains adsorbed on the Ag nanocube surface as a 
function of the solvent, based on the understanding from polymer sciences that polymer 
chains would collapse in the presence of an incompatible solvent and expand in the 
presence of a compatible solvent.11-13 In addition, the SERS platform could be used to study 
the effect of replacing the PVP with other ligands, such as CTAC (chloride ions). Although 
the Ag nanocubes offer several SERS hot spots on its edges with a large enhancement in 
the local electric field, the anisotropic distribution of these hot spots poses a challenge to 
characterize the particle surface in general and not just the cubic edges.14 As such, one 
should consider the use of an isotropic nanosphere for further investigation. 
 
167 
6.3 Notes for Chapter 6 
Parts of this chapter are adapted from the article “Transforming Noble-Metal 
Nanocrystals into Complex Nanostructures through Facet-Selective Etching and 
Deposition,” a minireview published in ChemNanoMat,15 the article “Site-Selective 
Carving and Co-Deposition: Transformation of Ag Nanocubes into Concave Nanocrystals 
Encased by Au–Ag Alloy Frames” published in ACS Nano,16 the article “Fabrication of 
Nanoscale Cage Cubes by Drilling Orthogonal, Intersected Holes through All Six Side 
Faces of Ag Nanocubes” under revision for publication in Chemistry of Materials,17 the 
article “Orthogonal Deposition of Au on Different Facets of Ag Cuboctahedra for the 
Fabrication of Nanoboxes with Complementary Surfaces” published in Nanoscale,18 and 
the article “Comparative Study of the Adsorption of Thiol and Isocyanide Molecules on 
Silver Surface by In Situ Surface-Enhanced Raman Scattering” published in the Journal of 
Physical Chemistry C.19 
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